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Nomenclature

nondimensional mode shape amplitude

local nondimensional vibration amplitude
nondimensional vibration amplitude at an antinode
drag coefficient

base pressure coefficient

general bluff body diameter (cable, cyl.nder, etc.)
sphere diameter

Nyquist folding frequen y

vortex shedding frequency from a cable

vortex shedding frequency from a vibrating cable
forced cable vibration frequency

vortex shedding frequency from sphere

vortex shedding frequency from a vil;rating sphere
nondimensional length

nondimensional vortex formation length
nondimensional bluff body wake width

spanwise lock=-on region

integers (1,2,3,...4)

number of consecutive nonzero saaples

(Ud/ v) general Reynolds number

((Ucds/ v) sphere Reynolds number

(Ucd/ v) centerspan Reynolds number

specific gravity

(£d/U) Stroukal number

(fesy
(fg90d5/Us) sphere Stroauhal number

d/Uc) centerspan Strouhal number

Strouhal number from a vibrating cable
Strauhal number of the cable vibration
time

cable tension (lbf)

data record

turbulence {ntensity
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velocity (local)

velocity at wind tunnel centerspan

(U./f.A) reduced velocity

critical reduced velocity

analog signal

nondimensional vertical location
nondimengsional spamwise (horizontal) location
nondiminens.onal streamwise (downstream) location
(d/U, dU/dy) shear parameter

spectral resolution bandiidth

sampling frequency {FIT)

kinematic viscosity

mass density (lbfseczlfta)

natural frequency of vibration
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VORTEX SHEDDING FROM A VIBRATING CABLE
WITH ATTACHED SPHERICAL BODIES IN A LINFAR SHEAR FLOW

I. Introductien

Flexible cylindrically shaped bodies are often an integral part of a
much larger, highly complex structural system such as an off-shore drilling
platform, which has mooring systems and drilling risers that are flexible
and cylindrical. Th~ry are also part of cable netwirks used to support
marker buoys, delicate instrument arrays, and towed catle arrays. Vortices
are shed ag the surrounding fluid separates alternately from opposite sides
of tha high aspect ratio, bluff cylindrical body when it is towed, or when
waves and currents flow past 1it, This periodic vortex shedding 1is
responsible for producing steady and unsteady drag forces:-in the direction
of the flow and unsteady 1ift forces in the cross flcw direction. When
thagse vortices are shed at a frequency close to one of the natural
frequencies (or a nultiple thereof) of the structural system, the shedding
can lock=-on to (synchronize with) the natural frequency. If the damping is
sufficiently small, intensified large amplitude cross f{low oscillatioms,
increased siresses, amplified acoustic flow noise, early fstigue or shorter
failure 1life, increased hydrodynamic forces, and the <chance of global
structural or instrument damage will occur.

This particular preblem, encountered when to designing the structural
gsystem, 1s called cable-strumming and is not well understood. Further
complicating the design procedure is the vertically sheared current profile
that is typically found in the oceans. The vortex shedding frequency along

Manuscript submitted September 15, 1982,

.




BatBER i o2 Al o At e b
-

e m s e s st oadl St - - ol

the bluff body span can vary with depth as in this cases Synchronization

and 1ts related phenomena may occur over part of the total bluff bcdy span.

To have a reasonable amount of confidence in the design and safety of
the structural system, the designer mist have some understanding of the
dynamf c behavior of the systenm. Mimerous references to vortex shedding
related structural problems {in the literature attest to the fact that
subs tantial research into vortex related synchronization phenomena must be
performed and analyzed., The followlng are a few examples of the problems
assoclated with full scale systems that were not designed properly to

suppress or eliminate vortex shedding, and some of the attempted solutions
to these problems.

Severe oscillations of piles and pile-supported structures, caused by
vortex shedding, occurred in a tidal flow during the construction of a deep
water oil terminal at Immingham on the Hunber estuary in England. Extensive
on-gsite investigations into the phenomenon permitted the terminal to be
redesigned and completea safely. 4s a result of t'is near disaster, a three
year, full-scale 1investigation into the oscillations of piles in mrine
structures was undertaken at Imminghan, and the rasults were published by
Wootton, Warner, Sainsbury, and Cooper [49].

Over a two and one half year period, each of eight single pile aids-to~
navigation structures in the San Pablo Bay of CGalifornia vibrated to failure
at least once. Vortex shedding from the piles in the six knot current
caused them to vibrate violently and to fail. A helical strake kit was
emplaoyed by the U.S. Coast Guard in an attempt to alleviate this problem,
In a report describing the effectiveness of the helical strake kit, Walker
{47] concluded that the kit eliminated the vortex shedding and stabilized
the structure over a wide range of flow speeds. The ninth single pile aid-

to-navigation has had no vortex shedding related problems to this date.

The deep water piling installations and pile driving operations for the
COGNAC platform were thought to be susceptible tc vor:i ~ shedding related
problems. Every, King and Griffin ([l11] and Fischer, Jones and King [12]

have studied the flow~indiced vibration of a cable-suspended pile and vortex
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induced motions of a cantilever pile, respectively, in an effort to predict
and develop methods to reduce or eliminate the vibrations and vibration
related phenomena. Both groups of authors used full scale and scaled model

tests in thelr experimental analyses.,

The present study was undertaken to examine the behavior of a flexible,
high aspect ratio (L/d = 107) marine cable in a linear shear flow.
Particular attention was paid to lock=-on or '"synchronization" phenomena
associated with uniform and sheared flow past the cable when it is forced to
vibrate in the first modes The study was extended to include an analysis of
the effects on the vortex shedding and synchronization phenomena that are
generated by placing distributions of spherical bluff body shapes along the
span of the cable in uniform and sheared flow. The results discussed in
this paper will then be used in conilinction with recent experimental and
analytical studles to develop the capability to predict the strunming

response of marine cables in a variety of different flaw situations.

The most recent of these field experiments was conducted in the mouth
of Holbrodk Cove near Castine, Maine during the summer of 1981 to study the
strumming vibrations of marine cables. One of the objectives of those
exeriments was to validate and, 1if necessary, to provide a data base for
modifying the computer code NATFREQ which was developed by the Naval Civil
Engineering laboratory for calelating the natural frequencies and mode
shapes of taut cables with large numbers of attached discrete masses. 1In a
teceﬁt paper, Vandiver ~nd Griffin [46] describe the field test program and
present some initial results from it. They compare calculations using the
NAIFRE} code with selected test data that have been analyzed in sufficient

| detail. Time histories of the measured hydrodynamic drag coefficients,
current speeds, and cable strumming responses are presented and discussed

~ there.
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II, Background and Literature
A. Development of the Karman Vortex Street Wake

Before discussing any previous theoretical and experimental stwdies
dealing with ftluid dynamic properties 1in the wakes of stationary and
vibrating cylinders and cables in a uniform stream, a detalled summary of
the development of the Karman vortex street, from Reynolds numbers of unity
(Stokes flaw) through the end of subcritical flow, is oresented. Throughout
this discussfon, it is assumed that the turbulence level is small i.e, less
than 1 percent,

(1) Stokes flow, 0 < Re < 5: For Reynolds numbers of order unity, the
flow around the body behaves as 1if it were inviscid. The laminar boundary
layer separates at ;:hé rear stagnation point. The flow along the cylinder
span 1is strongly two-dimensional. As the Reynolds number approaches five,
the laminar boundary layer begins to separate before the rear stagnation
point. Thare are no vortices present in this Stokes flow region.

(2) Symmetrical Range, 5 < Re < 40: This range is sometimes referred to
as "Foppl Flow". A captive vortex pair (Foppl Vortices) appears in the wake
of the cylinder. The separation point has moved further away from the rear
stagnation point, towards +90 degrees. The boundary layer remains laminar
after geparation and <he flaw is still strungly two-dimensional. The shear
layer (i.e., the interaction between the separated main flow and stagnated
flow region) supplies vorticity to this captured vortex pair, causing them
to acquire more strength and grow as the Reynolds number approaches 40.
They remain attached to the cylinder.

(3) Laminar "Regular" Vortex Shedding Region, 40 < Re < 125 to 15
For Re = 40 to 80, the vortices seem to form from a wake instability over
several diameters downstream. After Re = 80 or 90, when the vortex graws
strong enough on one side, it begins to roll up and draw the opposite shear
layer across the wake, Te vorticity of opposite sign perml ts no more
vorticiry 1input into the growing vortex. The vortex 1is then shed and
travels downstream. Due to some flow or wake instability or asymmetyy, or
surface irregularity, the shedding process 1iIs asymmetric, 1.e. the first
vortex is shed from one side of the cylinder, and the second is shed a short

time lateir, while 2 new vortex is forming on the opposite side to replace
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the one already shed. These alternating vortices which are shed into the
wake are called vortex streets., They were first theorized by von Karman.
These entirely laminar vortices slawly decay through viscous dissipation and
can be measured clearly as far as 100 diameters downstream. The flow 1is
again two-dimensional. Schaefer and Eskinazi [43] and Griffin [15] divide
the laminar wake into three regions. First is the formation region, where
the vortex street develops from the interaction of the shear layers. The
formation region ends where the first periodic vortices are shed. Next is
the stable region, where the vortices in the fully developed laminar vortex
street exhibit a regular periodicity. The transverse vortex spacing
increases and the vortex cores spread by viscous actionn The amplitude of
the vortex velocity fluctuations diminishes. The last 1s the unstable
region, where the vortex street exhibits an irregilar behavior and eventual
turbulent breakdown. There is a decrease in the transverse spacing of the
vortices., Ar greater downstream distances there is a reappearance of the
vortex street with different geometric properties. The Strouhal number is
related to the Reynolds number in this region by Roshko’ s empirical formla,
St = 0,212 - 4.49/Re.

(4) Lamina Turbulent Transition, 125 to 150 < Re < 300 to 35% In this
region the flow becomes thre:-limensional. The wake 1s characterized by an
intermi {tent typc of flaw downstream of the formation region, where the
laminar vortices deteriorate, through 1low frequency modulation and
irregularities, tc turbulent vortices. A5 the Reynolds number increases,
more and more vortices become turbulent, until the entire downstream
shedding process is turbulent, The distribution of spectral energy under
the vortex shadding peak decreases as more energy 1s transferred to
turbulence. The vortex lines are no longer straight and parallel to the
cylinder axis, but become inclined to it. ‘

(5) Turbulent Vortex Range, 300 to 400< Re < 2.0 to 4.0 x 10°:

The Strouhal number (St = f d/Uc) 1s a coanstant throughout this range at a

cso
value around 0,20, The boundary layer is still laminar and separates from
the cylinder approximately 82 degrees from the forward stagnation point.

The transition to turbulence occurs 1in the separated layers before the

2 L E i B O ‘ . . - - . i 2 u D" A LY 1 WY WAV SOV SUUNU T WSt S WU S R




vortices are formed (i.e, in the formation region). The turbulent vortices
rapidly diffuse in the downstream direction, becowming part of the turbulent
wake. This large region can be further divided into three subregions [7].

(5.1) Lower Turbulent Vortex Region, 400 < Re < 1.3 x 103: The position
signifying the beginning of the transition to turbulence is close to the end
of the vortex formation region. The reglion of tramsition 1is about three
diame ters long and includes the end of the formation region, The develop-
ment of turbulence begins with the observation of small turbulent bursts
before the end of the formation region. These bursts become more frequent
further downstream of the formation region in the wake. At the point where
the fully developed periodic wake begins, every vortex counsists of turtulent
fluid. In the immediate downstream vicinity of the formation region, the
vortex sheet becomes fully turtulent,

(5.2) Irtermediate Turhulent Vortex Range, 1.3 x 10° < Re < 8.0 x 103
complete transition of the shear layers to turbulence takes place in the
vortex formation region. The onset of turbulence occurs in the follawing
manner, Directly dowmstream of the cylinder, the separatéd shear layers are
lami nar and exhibit a dominant fundamental frequency. St1ll further
dowstream in the formation region, the first turbulent bursts, which are
waves at a single higher frequency, are Imposed on the fundamental
frequency. Further downstream in the formation region the fuandamental
frequency 1s masked by the higher frequency, and the flow degenerates to
turbulence. The periodic wake with turbulent vortices 1is only present 1in
this reglon and beyond. As the Reynolds number increases, the transition
point moves from 1.2 to 0.7 diameters behind the center axis of the
cylinder,

(5.3) Upper Turbulent Vortex Region, 8.0 x 103 ¢ Re < 2.0 to
4,0 x 10°: Laminar periodic flow is observed inside the separated boundary
layer at the shoulder of the cylinder, This flow conmpletely degenerates to
turbulence 1in less than one-half a diameter downstream of the cylinder
axise. There is then a period of complete turbulent motion until the

pericdic wake 1s formed (at the end of the formation region).
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Briefly summarizing, transition of the vortices to turtulence occurs in

two ways. When the vortices are laminar upon formation, distortions by

. large scale three~dimensionalities in the flav cause the vortices to become

turbulent downscream. When the vortices are turbulent upon formation, some

amplification of a two-dimensional instabllity prodices transition waves which

eventually lead to turbulence through small scale three-dimensionalities.
The transition takes place in the separated layers before they roll into

vortices.

B. Vortex Formation Length and Wake Width Behind Stationary Cylinders in

Uniform Flow

The vortex formation length, Lg, 1s a measure of the downstream extent
of the vortex formation region in the cylinder wake. The vortex formation
length 1s generally defined as the distance between the cylinder center axis
and the first downstream appearance of the fully formed periodic vortex
street. There are four different criteria that define how Lf can be
measured [34]. They are summarized:

(1) The rms maximum of the second harmonic of the fluctuating velocity
on the axis of the wake.

(2) The minimum of low frequency modulation of the vortex signal.

(3) The minimum of the mean pressure on the wake axis.

(4) The minimum transverse spacing from the wake axis of the peaks of
the maximum fluctuating velccity.

The first criterion was used in this study, as well as in most previous
studies, e.g., by Bloor and Gerrard (8], Griffin [15], Ramberg ([34], Peltzer
and Rooney [31], and Woo et al [48].

There are three experimental studies dealing with the measurement of
the formation length in the Reynolds number range covered by the present
study . Figure (1) shaws a sunmary of the results obtained by Blocr and
Gerrard (8], Woo et al [48], and Peltzer. These results span the Reynolds
nunber range 8.0 x 104 to 1.5 x 10°. Bloor and Gerrard measured L¢ behind
five cylinders of aspect ratio L/d = 20, 40, 80, 167, and 230 in their 20

ins x 20 in. test section. The majority of their measurements were taken in
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the wakes of smooth brass cylinders of aspect ratio 20 and 160. Their
results show a dependence of Lg on cylinder diameter. The curves shift over
to the right with increasing cylinder diameter (decreasing aspect ratio), a
phenomenon that the present author believes can be related to the inter-
action between end effects generated by the tunnel walls and decreasing
aspect ratio. Bloor and Gerrard’s cylinders spanned the tunnel vertically
and had no end platess During the present set of tests, the author observed
that end effects lengthen the vortex formation region and ctabilize the
shedding pattern along the cylinder span, Ir is suggested here that as the
aspect ratio decreases, end effects have a predominant influence on the
vortex formation leugth and spamwise v.rtex strength and stability. This
observation partially explains why Bloor and Gerrard’s results are dependent
on cylinder diameter, or decreasing aspect rati:, and end effect inter—
actions. Another factor contributing to the scatter in their data was their
observation in a later paper that the flw was not uniform across the wind
tunnel span [13]. Only the central 7.5 inches experienced a uniform flow.

This nomuniformity was probably due to the combination of test section
design and tunnel wall effects.

The formation length data of Woo et al and Peltzer fall onto the solid
curve. There is not wmch scatter in the data presented by both authors as
they both were careful to eliminate (or minimize) end effects. Woo et al
measured Ly at the centers of five very hard, very smooth, brass tubes of
aspect ratios L/d = 16, 24, 36, 48, and 96 in various low and moderate
linearly sheared flows. Both Peltzer and Rooney (31] and Woo et al have
shown that the formation length values are not significantly affected by low
and moderate linearly sheared flows. Peltzer measured Lg behind two
machined smooth aluminum cylinders of aspect ratios L/d = 17.3 and 27. At a
Reynolds number 1.0 x 103, the formation length, Lg/d is 2.8, 4s the
Reynolds number increases, Lf/d decreases until it becomes constant at a

value Lf/d = 1,32 when the Reynolds number reaches 1.0 x 104. The formation
length then remains constant until Re = 1.6 x 10°.
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To the best of th2 author’s knowledge, no experimental studies have
been published dealing with the formation lengths or wake properties behind
helically wound cables. Since it is knawn that roughness stabilizes the
vortex shedding structure behind a circular cylinder [32] by lengthening the
vortex fo*mation region, 1t 1is postulated that the helical shape will
lengthen the vortex formation region when compared to that region measured

behind a ciraular cylinder at the same Reynolds number.

Once the vortex formation length has been deternined, the wake width,
L, can be measured at that point. The most recent comprehensive sunmry of
the variation of wake widths behind circular cylinders as a function of
Reynolds aumber is presented by Griffin [19]. A copy of his plot of L, vs.
Re for the Reynolds number range 102 to 2.0 x 10° is shown in Figure 2,
along with the recent experimental data of Peltzer. Only four experi-
mentally measured values of Lw/d existed in Griffin’s data range between
Reynolds numbers of 3.0 x 103 to 2.0 x 10°. Griffin determined the values
of Lw/d that defined the cross hatched region, between the Reynolds numbers
3.0 x 10° and 2.0 x 105, using a relation derived from Roshko’s free
streamline thecory. This relation assumes that the base pressure is constant
across the wake and that there are no roughness effects on tranmnsition or
separation bubbles. Tha relation 1is L,/d = (CD/(-Cpb)). The relation is
valid throughout the range in question since the base pressure generally
remains uniform across the cylinder base region and all of the cylinders
were smooth, Peltzer‘s values lie between Lw/d = 0,94 and 0.99, falling
directly below Griffin"s cross hatched range. Contained within and defining
Peltzer’s cross hatched range were 20 data points, which were measured at
equally spaced Reynolds number intervals, It should be noted that Griffin
only had one measured data point in the Reynolds number range covered by

Peltzer’s data.
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C. Lock-on or Synchronization Phenomena: M overview of studies dealing

with changes indiced in the near wake of a rigid cylinder by self-excited or
forced motion of the body.

When a bluff body (rigid or flexible cyliader or flexible cable) 1is
immersed in a uniform stream or spanwise shedared flow, a Karman vortex
street 1s generated in the wake of the body for Reynolds numbers between 50
(pure laminar vortices) and 2.0 to 4.0 x 107 (turbulent vortices). When the
vortex shedding frequency approaches a natural frequency (or submiltiple
thereof) of the structure, resonant flow-induced oscillations of the cable,
bluff body, or flexible cylinder may ocaur if the damping of the sysiem is
small enough. When the shedding frequency gets close enough to the ratural
frequency, the body captures the shedding frequency in an apparent violation
of the Strouhal relationship. The shedding frequency and body oscillations
then synchronize at a frequency close to the natural frequency of that
pody. These self-excited oscillations are usually normal to the incident
flow direction and in water may be as large as two to four diameters in peak
to peak amplitude. In line oscillations sometimes occur in water where the
hydrodynamic forces are considerably larger than in air. The voruex
shedding frequency 1is captured by the natural frequency over a range of flow
speeds, the start of which occurs at a flaw speed which corresponds to the
natural vibration frequency. During this lock-on, there are changes induced
in the near wake of the body by the self-excited resonant motion. There are
many different terms used to characterize these phenomena of which sychroni-
zation, cable strumming, lock-on, wake capture, self-induicad or self-excitcd
oscillations, are the most common.

It was determined that the cable system to be studied in the present
tests was too highly damped to be self-excited in an air flow. Some type of
forced excitation would then be necessary to similate the self-excited
resonant conditions 1in order to study the lock-on 1induced changes in the
cable wake., The question that must be addressed now 1s whether self-excited
resonant flow-induced changes 1in the near wake can be reproduced with an
externally excited arrangement. Griffin [16] has addressed and answered

this question. His study was directed towards analyzing the similarity in
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the periodic wakes of two oscillating cylinders {n the Reynolds number range
550 to 900, one of which was forced to vibrate sinusoidally normal to the
flor, while the other was tuned to self excite under the influence of fluid
forces. When the near wakes behind the free and forced vibrating rylinders
were compared, the near wake flov coanditions and phase relations were found
to be similar when the experimental conditions were carefully duplicated.
Changes in the wake that accompany resonant vortex-excited oscillations are
reproducible from forced externally excited oscillations. This method also
has the advantage that the amplitude of vibration, and the natural frequency
and mode shape, can be varled independently. The behavior of the lock-on
phenomena when the mode shape, vibration amplitude, and natural frequency
are varied can be studied over a wide range of Reynolds numbers that is not
exclusively limited to the lock=-on range assoclated with self-excited flaw=-
1nduced vibrations.

Koopmann [25] performed one of the earliest experimental studies
directed toward analyzing what effects the forced vibrstion of a circular
cylinder in uniform fluid flow has on the resultant near wake properties at
Reynolds numbers less than 300. The frequency range (fcsv/fcv) over which
lock-on occurred increased as the amplitude of cylinder vibration, a/d,
{ncreased, The slantwise vortex shedding pattern exhibited in flos behind
the stationary cylinder was replaced by parallel vorte: shedding (parallel
to the cylinder centeraxis). HWs flow visualization photographs shaved that
the correlation length, defined as the spanwise distance along the cylinder
span over which the vortex shedding is in phase, increased rapidly as a/d
increased. This increase has since been found to be much greater when the
vortices are laminar upon formation (15, 41], than when they had become
turbulent (Re > 450). The level of freestream turbulence will also
1nfluence the amount that the correlation length increases during lock-on
[41]. For low turbulence flows, the correlation length is estimated by
ext rapolation to increase from 3.5d to 40d, and when the flaw is turbtulent,
it increases from 2.5d to 10d [41].

11
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Griffin [15,16], and Griffin und Votaw [23] studied changes in t!.e near
wake of a forced vibrating cylinder for Reynolds numbers between .20 and
900. They found that significant changes in the near wake developaent were
caused by the synchronized cylinder oscillations. The purely laminar vortex
shedding range (which usually ends at Re = 125 to 150) was extended to a
Reynolds number of 350, The transverse synchronized vibrations suppressed
the initiation of turtalence downstream of the vortex formation region,
They investigated the dependence of the general near wake structure (vortex
formation lengch, vortex strength, and wake width) on vibration amplitude
a/d and cylinder vibration frequency (fcv/fcsv ). The length of the vortex
formaticn regior was influenced by changes in both a/d and fcv/fcsv' when
the cylinder and vortex shedding frequencies were locked-on. The formation
length decreased uniformly as a/d was increased. Lg decreased by as much as
59 percent when compared to the non-vibrating case. Lg also decreased as
the ratio fc.v/fcsv was increased from less-than to greater-than one. The

wake width was found to 1increase with the amplitude of synchronized
oscillations,

In two later studies, C-{ffin and Ramberg [21],22] measured the changes
in vortex strength and spacing that were produced bv varying the amplitude
and cylinder vibration frequency in the synchronization range at a Reynolds
number of 144. When a/d was increased, the vortex strength and vorticity
generation were increased, and the lateral vortex spacing in the stable
reglon of the wake decreased. The formatjon length again varied inversely
with vibracicn frequency (f__/f ) - The unstable regicn in the wake moved

eV “csv
upstrean as the ratio Ecv/f was increased, however the lateral spacing of

csv
the vortices in the ~table region was relatively unaffected by the changes

in

1:c:v/fc:sv

Davies [10] examined the turbulent near wakes of a stationary and
forced oscillating D-shaped cylincder in the Reynolds number range 7.0 x 103
to 4.G x 10%, The cylinder vibration was synchronized with the vortex
shedding frequency. He found that there was a 35 percenrt increase in the
strength of the vortices shed from the oscillating cvlirnder, and that the
shedding was much more regular, He attributed this increase in regularity
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to the increased vortex strength. The increased vortex strength was the
result of less destruction of vorticity as the shear layers interaczted
across the wake, or the shedding of more vorticity into the shear layers.
Davies noted that the growlng vortex seemed to roll up more quickly (i.e.
the formation length decreased). Zdrakovich (50] suamerizes three major
reagsons why the vortex shedding behind a synchronized oscillating cylinder
is stronger and more regular than that found behind a stationary one:

(1) The formation 1length decreases and the fluctuating and time
averaged forces are magnified,

(2) Te spamwise correlation of the vortex formation and shedding are
enhanced remarkably by the cyclic oscillations.

(3) Since the synchronization frequency remains constant over a range
of flow velocities, there 1s a constant period of time available for the
formtion. More vorticity is generated with increased velocity within and

along the synchronization range and the vortices become stronger.

With regard to the wake width, Davies found that.Lw/d increased by
about 20 percent for the sychronized D-shaped cylinder vibrating at a/d =
0. 20.

By vibrating small aspect ratio (L/d = 16,20) circular cylinders in a
uniform flow, Stansby [44] developed empirical formulas to predict the
frequency boundaries of the lock-on region as a function of vibration
amplitude in the Reynolds number range 3.6 x 103 to 9.2 x 103. He found
cv/fcgy ® 2,3, of the
cylinder vibration. At the upper and lower boundaries of locking=-on, the

that the vortex shedding locked on to submltiples, f

regular unforced vortex shedding frequency was intermi ttent with the locked-
on shedding frequency.

There seems to be no general agreement as to the effect of synchronized
vibrations on the wake width. Sarpkaya [41], in hils survey paper, makes the
general observation that the overall wake width is practically unaffected in

spite of the lateral motion of the body that generates it.

In the synchronization range, there are as yet unexplained discon

tinuities in the fluctuating forces and pressures, the causes of which are
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addressed 1in a recent paper by Zdrawkovich [50]. He analyzed flow
visualization phoiographs, which had been previously presented by a variety
of authors, seeking to find two dJdifferent forms of synchronized vortex
shedding. If there were two different forms of the synchronized shedding,
one in the lower region and another in the upper, then the discontinui
could be explained. Tw different forms were found to exist, and .
deecribes them as follaws:

(1) In the lower synchronization range, the vortex form on one side of
the cylinder and {s shed when the cylinder is close to its maximum amplitude
position on the opposite side,

(2) In the upper synchronization range, the vortex again form on one
side of the cylinder. The vortex is shed when the cylinder is near to its
maximum amplitude on that same side,

These two forms of shedding were separated by a critical reduced velocity,
which corresponded to that value where the discoantinuous change o!
fluctuating and time averaged forces for the forced osciliating cylinde:

occurred.

D. Lock-on or Synchronization Phenomena: An overview of studies dealing
with changes induced in the near wake of a flexible cylinder or cable by

self-excited or forced motion of the body.

Up to now, the background information has essentially dealt with the
near wake of stg-ionary or vibrating rigid cylinder: in uniform flow. The
near wake of a rigid vibrating cylinder in a uniform stream is highly two
dimensional because of the increased spanwise correlation and strengthened
parallel vo:tex shedding. The test model used in the present study was a
flexible cable. The vortex street wake behind a vibrating flexible cable is
now three dimensional because of the spamwise variation in vibration
amplitude a/d.

Using hot wire anemometry, Ramberg and Griffin (35, 36, 37]) studied the
vortex street wake of a forced=vibrating cable in uniform flow for Reynolds
numbers between 230 and 1300, The vortex shedding and cable vibration were
synchronized throughout all the tests. They determined that the local near
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wake properties at any spamwise location along the vibrating cable behaved
similarly to the near wake behind a forced=vibtrating cylinder when the
frequency, amplitude and Reynolds number were equivalent. Just as Griffin
[16] had concluded when he compared the wake flow near self-excited and
forced vibrating ciraular cylinders, they found that the flow in the wake of
the forced-vibrating cable could successfully be used to simulate the flow
in the wake of a self-excited cable, They examined the local formation
length along the span of the vibrating cable, holding the vibration
frequency constant. The sparwise variation of the formation length was
determined by the local amplitude variation. A8 a/d 1increased, Lg/d
decreased, an obgervation which was consistent with theilr earlier vibrating
cylinder results [16]. An inverse relation was found between the local
formation length and vortex strength. This result 1s consistent with
Davies’ 10] and Zdravkovich’s [50] observations. This dependence of Lf/d on
a/d also implies that the vorticlty generation and lift and drag should
depend on the local conditions in the wake, They compared the relative
magnitudes of the vortex wake changes behind the cable and rigid cylinder
that were induced by synchronization. They noted that the three-dimensional
nature of the cable wake had a muting effect (i.e. the magnitude of the
changes were smaller). Varying the cable vibration frequency, while holding
the shadding frequency (flaw velocity) coastant, influenced the formation
length in the lock=-on region. For vibration frequencies less than the
St rouhal frequency, (fcv/fcso < l)che formation length is increased, while
the formation length decreases when the vibration frequency 1s greater than

the Strouhal frequency.

They defined a wake-capture or frequencgy-locking Strouhal number St,,
which cerved as a useful means of relating the influence of Reynolds number,
vibration amplitude and frequency, on the formation length in the vibrating
cylinder or cable near wake

st = (1+a/d) (£ /¢ ) st
where
st = £ (/U ).
When Lf/d is plotted against Stw, the decrease in Lf/d with St, 1is

cso
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indicative of the increase in the fluid forces that occur for different
conditions of vibration, because a close relation exists between changes in
the 1lift, drag and base pregsure on bluff bodies and changes 1in the
formation length caused by vibration.

Ramberg and Griffin [36] then proceeded to examine the vibrating cable
wake 1in order to determine the magnitude and spanwise extent of correlated
vortex shedding along the span of the cavle. These observations, as well as
measurements of wake velocity profiles, spectra In the flow, and flow
visualization studies led them to define three distinct flow regimes a'® 'ng
the vibrating cable span in the Reynolds number range 470 to 1300,

(1) Flow in the immediate vicinity of a cable ncde closely resembles
that past a stationary body. The vortex shedding fluctuations in the near
wake ccaur principally at the Strouhal frequency. Spamwise coherence in the
vortex shedding 1is small or nonexistent. The time-dependent fluid forces
resulting from the shedding process near a node are not likely to contribute
to the vortex-induced motions of tha cable.

(2) The transition region is adj:cent to the cable node region and
extends to the cable antinode region where the vortex shedding frequency
locks-on to the cable vibration. Both the Strouhal and cable vibracion
frequencles are present in the power gpectra of the fluctuating velocity
signal from the hot wire anemometer, The spamwise correlation cof the
shedding 1increases. An irregular vortex pattern, diffarent thas the
characteristic patterns associated with either the stationary or vibrating
locked-on vortex street wakes was observed during flow visuvalization
studies. Only the component of the vibration Jrequency contributes
significantly to the motion.

(3) The third reglon 1s centered about the cable antinode where the
vortex shedding is locked-on to the cable vibration frequency. The spanwise
shedding 1s highly correlated aud the power spectra contaln a sharp peak at
the synchronization, or lock-on, frequency. The degree of correlation was
found to be independent of the frequency and amplitude of vibration. The
near wake and vortex shedding properties at any point in this region can be

represented by those occurring in the wake of a rigid cylinder vibrating at
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the same Reynolds number, amplitude and frequency. The sparwise extent of
this reglion can be closely approximated by the lock-on regions previously
found for rigid cylinders [25,44].

The idea of defining a universal wake Strouhal number for the locking-
on of vortex shedding to the vitration of a rigid or flexible cylinder has
been explored by Griffin [17]. He presents a model for a universal wake
Strouhal number which 1s valid throughout the entire subcritical Reynolds
nunber range. The model is valid for both forced and vortex-excited
oscillations in the lock-on region. The universal Strouhal number can be

defined in various ways, depending on what measured wake parsmeters are

available,
f L L StL StL
* csSo W w " w
Sthe S50 W g )Yy 1
Uy Qgb 4’ kd (1-c_, )24
where pb

Ub = the velocity just outside the shear layers
K = base pressure parameter K2 = (1-Cpb)

St = usual Strouhal number of the cylinder,

A constant value, St* = 0.18, was found for the range of subcritical wake
Reynolds numbers, Re* = Uwa/\J, from 700 to 5.0 x 104. He also noted that
the strength of the shed vorticity increased during lock-on.

Griffin [19] has published a more recent pever dealing with universal
fluid dynamic similarity in the wakes of stationary and vibrating bluff
bodies. The wake Strouhal number St* collapses the characteristic wake

scales into a curve for wake Reynolds numbers between 100 and 107.

E. Stationary and Vibrating Bluff Bodies in Linear 3hear Flows.,

Linear shear flows are characterized by the non-dimensional shear
parameter 8= d/U, dU/dy. The wake flow behind a stationary bluff body in a
linear shear flow 1s strongly three dimensional. Cross—-stream vorticlty,
the vector of which 1is normal to the plane of flow, is present in the

flow, When these cross-stream vortex lines approach the body, they are
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turned arcund the body into the flav directionn The interaction of these
rolled=up vortex lines with the Karman vortex street is believed to be at
least partilally responsible for the formation of discrete sparwise cells of
constant shedding frequency in the wake. Maull and Young [27) showed that
the boundaries between these spamwise cells could be marked by the presence
of the rolled-up streamwise vorticity. They placed a small delta wing,
designed to generate a strong longitudinal vortex which would similate the
rolled-up (turned) vortex lines, on each side of a D-shaped cylinder. The
sparwise Strouhal number in uniform flow was constant acroess the cylinder
without the delta wings present on the body. When the wings were placed on
the cylinder, they caused the spamwise gshedding to separate into two cells
of different Strouhal numbers, with the boundary between the cells 1. .ated
et the spamise point where the deita w. . prodiced the .Longltudinal

vortex,

Stansby [44] offers an explanation as to why these discrete cells of
constant shedding frequency mst exist in a shear flow. The frequency of
vortex shedding cannot be constant over the entire bluff body spai because
éhat would require a variation in the Strouhal number inversely proportional
to the velocity. Vortex shedding must occur in discrete spamwise cells to
preserve the Karman vortex street, the Strouhal number 1in these cells
varying 1ir proport'on with the velocity. Mair and Stansby [26] present rwo
ideas as to what may be "appening within each of these discrete spanwise
cells. They base their ileas on the interaction betweer the strength of
each individual vortsv in the Karman vortex street with the cross-stream
turned vorticity. In smsll cells, the strength of an; individual vortex is
constant. When larger cells occur, there is an interaction between the
strength of the shed vortex and the cross-stream vorticicy which results in

a variation of the strenzth of the sned vortex along the length of the cell,

The present author puts forth the i1dea that the lengths of the
individual cells in sheared flow are dependent on the formation length
value, shear parameter (spamwise velocity gradient), cylinder aspect ratio,
and Reynolds number, as well as the vortex strength, End or end plate

influence will have a significant effect on the formation region The

18

el e 3 - e A em e e e e e e 4 e
PR . g . P N PP - R s




S g

S SRR

author observed this phenomenon during the present set of tests. In the
general vicinity of the cable end piates, the formation length increased
measurably. It has been noted by Woo et al [48] and Peltzer and Rooney [31]
- that there were always stable cells in sheared flow adjacent to the end plates
of high aspect ratio cylinders, even though the central span exhibited a slight

tendency or no tendency towards forming a cellular structure.

Ty Wy
U { Lo

Returning to Figure 1 and considering the data of Woo et al and Peltzer
only, one observes that as the Reynolds number increases from 103 to 10“,

the formation length decreases, and as the Reynolds number increases

-

further, the formation length remains constant at a minimum value. When all
. the experimental studies {31, 32, 47] dealing with the vortex wake behind
high aspect ratio cylinders (L/d > 27) in a shear flow are analyzed, they
& reveal an interesting correlation between the length of the formation region
and the existence of stable cells. The results of Woc et al show that some
type of cellular vortex structure existed in the wake of their cylinders up
to Reynolds numbers around 104. Peltzer and Rooney’s results show that no
L‘ measurable spamwise cellular pattern existed from Reynolds numbers of

H 2 x 10% tc 1.1 x 10°. It seems that there is a minimm formation length,
. below which the cell boundaries fluctuate wildly or ao cells exist at all,

As the formation length decreases, the length and stability of the cells

decreases. To strengthen this observation, the author observed that when

the centerline Reynolds number was increased from 3.0 x 103 to 9.0 x 103,

b
F. (first pnase catle studics in sheared flaw) the cells at 9 x 103 were
b ' measurably smaller than those at 3.0 x 103. The shear parameter

¢ 8 = 0.0053 was held constant and only the Reynolds number was varied.

With regard to small aspect ratio (L/d < 20) =2ffects, the tendency for
discrete stable cells to form 1s much greater on a small aspect ratio
cylinder than it is for a high aspect ratio cylinder under the same flow
conditions. Both Maull and Young [27] and Mair and Stansby ([26] have
examined the effect of a sheared flow on the spamwise Strouhal number
distribution of small aspect ratio bluff bodies (L/d < 20). Both found that
- a number -f coherent cells were present along the span of their models for

Reynolds numbers less than 2 x 104. Mair and Stansby determined an optimal
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end plate design to stabilize the vortex shedding cells in the wake of their
low aspect ratio models, They noted that without this design, the results
showed a continuous change 1in peak frequency which was attributed to
unstable cell boundaries (i.e. short Lg). The increased formation length
due to the presence of the end plates was the stabilizing factor, such that

coherent stable cells were allowed to form.

For flows with a large value of the shear parameter B, the tendency
towards forming a stable spanwise cellular structure in the wake is much
greater than that for a weakly sheared flov. Both Woo et al and Peltzer
(32] have noted this. The higher shear level flows contain a larger amount
of streamwise vorticity which helps to establish and stabilize cells and
cell boundaries. Both authors have shown that the length of the discrete
cells in a sheared flaw varies in 1inverse proportion to the shear para-
meter B Peltzer has shown that the change in Strouhal number between

cousecutive cells varies in proportion to the shear parameter £

The work by Stansby ([44] represents the only experimental study dealing
with the wake properties behir&d a vibrating circular cylinder in a sheared
flow. The vortex shedding irequency locked-on to the cylinder vibration
frequency, as well as to submiltiples of it, over a portion of the cylinder
span. The rest of the cells that were unforced (not locked-on) became very
stable in frequency (i.e. the spamwise shedding structure became very well
defined). He showed that the uniform flow results were similar to the shear

flow results and that they could be applied to the lock—-on problem in shear
flows.

Woo et al studied the vortex wakes of oscillating cables in a linear
shear flow. They discuss the mechanism of complete locking-on based on the
concept of the modulation of the vortex shedding process due to the forced
oscillation of the cable. They found that the body oscillations induced
vortices which were in perfect synchronization with the body motion, and
that the strength of these vortices was amplified. The unforced cells
adjacent to the lock=-on region were stabilized. The frequencies of the shed

vortices in those reglions adjacent to the lock-on region were forced away
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from those values corresponding to the stationary cable shedding frequencies
(in sheared flow). Finally, based on their experimental results, they
established a procedure to estimate the spamwise extent over which the

vortex shedding locks on to the oscillations of a cable in sheared flow.

Two excellent review articles dealing with flaw around stationary and
vibrating bluff bodies have reacently been published. The research topics
discussed in Sarpkaya’s [41] review paper on vortex-induced oscillations
include vortex shedding from a stationary bIuff body; consequences of the
synchronization phenomenon; wake oscillator models; added mass, damping, and
dynamic respounse measurements; flow field models and the discrete vortex

method; mechanics of synchronization; and in-line oscillations. Griffin

et al [20] present an overview of the state of knowledge of strumming

oscillations and apply these findings to the development of design methods
for cable systems likely to undergo these oscillations, The report is
limi ted in scope to the problems caused by vortex shedding from bluff
flexible structures and cables in steady currents, and the resulting vortex-

excited oscillations.

F. Vortex Shedding From a Sphere

To the best knowledge of the author, no experimental studies or
theoretical analyses have been attempted that consider the wake interactions
behind a stationary or vibrating cable in sheared flcow with bluff body
shapes attached. In the present study, spherical bluff body shapes were
positioned at various equidistant spamwise locations on the cable, and the

near wake properties of the sphere-—cable bluff body combinations were
studied.

It is appropriate to discuss the vortex wake structure of a sphere at
this time. In the Reynolds number range 103 to 2.0 «x 105, the drag
coefficient is nearly constant at a value Cp = 0.45. Using this value, and
Figure 7, pp. 3-6 of Hoerner ([24], the value of the Strouhal number is a
constant, St, = 0.37, Pao and XKao [29] towed a sphere through a weakly

stratified fluid at constant velocity and measured the Strouhal number in
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the Reynolds number range 4.3 x 103 to 1.74 x 104, They present a tahular

summary of experimental values of the Strouhal numnber of a sphere measured

by different investigators.

Re Pao & Kao [29] Achenbach [1] Cometta Winny
4300 0.14 0.125%(6000) 0.19 0.71
7800 0.18 0.14 0.19 0.55
17400 0.22 0.17 0.19 0.20%(13000)

The starred values indicate that the Reynolds number corresponding to the

measured Strouhal number was that shown in parentheses.

In the present set of tests, one of the goals was to determine the
Strouhal number of the spherical bluff body shapes. The cable extended
through the central one-third diameter of the sphere during these measure-
ments and it was expected that this arrangement would change the expected
physical properties and near wake conditions normally assoclated with a
sphere in uniform flow. It was also assumed that the vortex shedding from
the sphere would lock-on to the forced vibration of the sphere in a manner
similar to that exhibited during cylinder lock-on.

Vortex shedding in the fully turbulent near wake of a sphere is three
dimensional. Achenbach [1] found that the vortex separation point rotated
around the sphere for Reynolds numbers above 6.0 x 103; however he could not
describe or model the vortex wake structure. Pao and Kao suggested that the
separation point movement implied that the vortex wake configuration would
be a double helical vortex loop. At the initiation of the vortex shedding
process, the double helix must form a closed~end loop in the fluid. The
vorticity vector 1s continuous along the 1loop, such that the vorticity
vectors in the two branches at any cross section perpendicular to the wake
axis are opposite in sense. Thompson’s circulation theorem, which states
that the net flux of vorticity across planes perpeandicular to the wake axis
mst be zero, is satisfied. The position of the rolling up of the vortex
sheet 1s 0.5 diameters behind the sphere at Re = 3,0 x 103, and Achenbach

assumes that the position of this rolling up occurs near the surface of the
sphere at Re = 6.0 x 103.
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G. Procedure Used to Design a Workable Experimental Test Setup.

Before considering any type of experimencal analyses, a workable
experimental design that would satisfy all the limiting constraints imposed
by the wind tunnel specifications, «cable properties, and available
experimental apparatus had to be formulated. A baslc rela..onship that
would relate the natural frequencies and mode shapes to the length and
tengion of the cable and the flow speed was needed. Treating the cable as a
continuous system and applying Newton’s second law for the . orces in the
vertical direction on a small spanwise element dy, one obtains the vertical
equation of motion for the cable, (This type of analysis can be found in

many classical vibration textbooks: one example is Elements of Vibration

Analysis by Leonard Meirovitch, McGraw-ill Inc., 1975, pp. 193-195. The
end conditions are fixed-fixed, no bending stiffness terms are included
(ideal cable), and the oscillations are assumed to be small Solving the
eigenvalue problem associated with the cable system having fixed-fixed end
conditions, the appropriate relationship between the natural frequencies of
the idealized cable system and the cable length and tension, and wind tunnel
velocity has been found. The natural frequencies of the system w, are:

1 /h

T
W -E—E (—5 ) n=1,2,3,...,%

In this study the first and second modes were employed, (n = 1,2) so the

natural frequencies were:

1/2
47 G et G

p

T is the cable tension (lbf) and p 1Is the mass density of the cable
(1bfsec2/ftl’). The specific gravity (SG) and diameter of the cable were
provided in the specifications. The mass density then becomes:

2
o= 56 (1.94) 54 slug £,

The natural frequencies w, w are related to the cable vortex shedding
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frequency fcs as follaws:

o

w= 2 fcso'
The vortex shedding frequency 1s related to the Strouhal number (which was

assumed constant in the Reynolds number range covered by these tests) by:
stU
c

f =
cso d
Substituting all these values into the equation for the natural frequencies

of the system, one obtains the desired relationship:

2

T St
SG w 1,94 (;-)

(LU))

2

The flow veloecity, U,, 1s fixed between 8 and 80 fps because Reynolds
numbers of order 103 are desired. The specific gravity of the cable is 1.2,
and the Strouhal number is 0.19. The tension was limited to values between
100 and 1000 lbg by the load cell’s measuring capacity. The working length
of the cable could be varied between three feet and five feet while still
retaining complete traverse coverage and a high aspect ratio. The inability
to reproduice the proper reduced cable damping in air necessitated the
artificial (motor-driven) oscillation of the cable. The maximum motor speed
was around 100 Hz when the eccentric mass was attached to the shaft. Af ter
the various comdinations of cable 1length and tension, and vibration
f requency (vortex shedding frequency or flow velocity) were analyzed, it was

decided to design the experiment using the following values for the various
parameters

Cable Length: L = 4 fe¢,

Tension: First mode T = 500 lbg, Second Mode T = 250 lby
Flow Velocity: Could be varied from 8 to 80 fps

Motor Speed: First mode 55 Hz, Second Mode 78 Hz.
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H, A Brief Discussion of the Fast Fourier Transform

and Related Topics (Power Spectra)

The Fourier Transform serves as a bridge between the time domain and
frequency domain. When the fluctuating sinusoidal or random time based
signal 1is to be analyzed on a digital comp: *er, the Discrete Fourier
Transform (DFT) is used. The Fast Fourier Transform (FFT) is an efficient,
high speed method used to compute the DFT. The frequency spectrum 1is
calculated from the sampled time function, rather than measured using a
single fixed-band-pass filter, The first major step involved with using the
FFT procedure is digitization of the recorded analog signal x(t). There are
two processes assoclated with the digitization of an analog signal x(t):
(1) sampling defines the instantaneous points at which the data are to be
observed; (2) quantization converts the data values at the sampling points

into numerical form.

Sampling of an essentially stationary continuous x(t) vs. t record for
digital analysis 1is performed at equally spaced intervals, &X. The
appropriate sampling interval At mist be chosen such that no aliasing,
confusion between low and high frequency (multiples) components in the
original data, is allowed to occur. The sampling rate is then 1/ At
samples/sec. The highest frequency that can be defined is 1/2 A t, because
at least two samples/cycle are required to define a frequency componeat in
the original data. This frequency, 1/2A t, is called the Nyquist or folding

frequency f.. To help avoid aliasing, f, should be chosen to be one and one

c
half to two times greater than the maximum anticipated frequency. Llow pass

(antialiasing) filtering must be used to eliminate aliasing.

Only a finite number of samples of x(t) vs. t at the intervals At can
be taken and stored. This finite number, N = 1024 consecutive nonzero
samples, defines the time length of the required data record, T, = NA¢ .
The values of A most frequently chosen in the present study were At = 2
and 5 milliseconds, such that the data recotd time lengths were 2.05 and
5.12 seconds, respectively. The spectral resolutions (resolution band-
widths) A f = l/Tr defined by these two At interval values are 0.5 Hz and
0.2 Hz respectively.
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In the present study, the Zonic FFT with a DMS 5003 computer was used
to calculate the power spectral density function, which decribes the general
frequency composition of the random statfonary data., The power spectrum is
computed by taxing the sum of the squares of the real and imaginary compon-
ents of the Fourler coefficients of the DFT, For random stationary data, a
true spectrum exists and can be obtained by averaging wany individual
spectra, The Zonic FFT possesses the capability to average individual
spectra., It is noted in the literature, that reasonable statistical quality
requires averaging of 64 to 100 individual spectra. This would require that
131 to 205 sec., or 328 to 512 sec. of data be taken when At = 2 or 5
millisec. respectively. A very large number of these spectra (approximately
700) were taken during the two major weeks of wind tunnel tests. In order
for each of the spectra to be statistically valid, 60 to 82 hours of running
time would have heen required. The 1limi tations on available wind tunnel
time, funding for the research, and human endurance, required that the
nunber of averages be rediced to 30 (At = 2 millisec.) or 20 (At = 5
millisec.). Power spectra, using 30 and 100 or 20 and 100 averages, were
then compared to observe whether any significant differences existed batween
them. It was found that the fairly narrow-band, high energy peaks defining
the vortex shedding and vibration frequencies were identical on both
spectra. The only significant difference between the two spectra, was that
the small fluctuations in the spectral plots in the areas away from the
peaks were siightly less when 100 averages were used. Twenty and thirty
averages were then sufficlent to give an acairate statistical measure of the

shedding and vibration frequencies.

{IL. Experimental Apparatus and Instrumentation
A. Wind Tunnel Tegt Facility

All experiments were condicted in the 28 ft. (8.5m) long, 6 ft. (1.8 m)
square, test section (Figure 3 and 4) which is part of the VPI&SU contin-
uous, closed jet, single return, subsonic stability wind tunnel. The test
section was designed such that any combination of six different wire screens
can be positioned in 1its upstream portion. These various combinations of

screens generate numerically unique linear velocity shears (dU/dy) across
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the span of the test sectionn The numerical values of these velocity shears
were characterized by the nondimensional shear parameter, B8 = d/Uc dU/dy.
Spanwise velocity and turbulence profiles, corresponding to the two shear
levels (B = 0.0 and 0,0053) used in the present study are shawn in Figures 5
and 6, The turtulence intensity (TuX) 1is defined as the ratio between the
measured rms value of the fluctuating velocity signal from the hot wire
anemome ter and the steady dc value of the velocity, The velocity profiles
are plotted as a dimensionless ratio U/Uc, where U {s the local velocity and
Uc is the centerline velocity, vs. y/d. Both the velocity and turbilence
profiles are uniform in unsheared flow. The flow of 0.25% turbulence was
generated by placing a wire screen of uniform cross—tunnel distribution at
the upstream end of the test section. The velocity decreased in a very
linear fashion across the span when the shear level was increased to B8 =
0.,0053 by placing five acreens of nonuniform cross-tunnel wire distribution
at the upstream end of the test section. The turbulence increased near the
low velocity end because the density of wire screens increased in order to

generate the low velocity.

To monitor the tunnel velocity, a pitot-static tube, connected to both
the VPI&SU Digital Dynamic-Pressure Indicator and Barocel Electronic
Manometer, was used. The pitot-static tube was mounted to the test section
flcor at the spanwise center of the tunnel, extending vertically intc the
freestream. The static freestream pressure was measured by a Validyne
Digital Barometer Model DB99. The freestream temperature was monitored by a
temperature probe which was mounted to the test section wall. The
temperature value was coantinuously displayea by a VPI&SU Diglital

Thermome ter.

An HP 30524 Data Acquisition System was located in the countrol roon,
ad jacent to the test section. The five major components of the system
included an HP 98358 Desktop Computer, an HP 3456\ Digital Voltmeter, an HP
3437A System Voltmeter, an HP 3497A Data Acquisition/Control Unit, and a 30
channel system scanner, The pitct static tube values, the freestream

temperature values, and the static freestream pressure values were all hard
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wired to the system scanner. Programs to constantly monitor the tunnel

velocity and Reynolds number were available througn the computer.

A three-dimensional traverse (see Figures 3 and 4) was available to
transport the measuring instruments (Physitech Optical Head and hot wire
probe) 1in the vertical (x/d), spamwise (y/d) or streamwise (z/d)
directions. The center of this axis system 1is located vertically at the
cable center axis, positive x/d up: sparwise at the wind tunnel and cable
centerline, positive y/d to the right (looking upstream); and streamwise at
the center axis of the cable, positive z/d downstream. The spamwise (y/d)
motion was controlled by a 15 volt to 30 volt dc gearhead motor, which was
powered by an HP 6255 0-40 V Dual DC Power Supply. The sparwise motion was
displayed by a digital counter, accurate to * 1/100 inch (& 1/40 cm). Two
precision step motors were used to drive the vertical (x/d) traverse. The
control box was specially designed for that purpose at VPI&SU, The vertical
position was also displayed digitally and was acaurate to + 1 uam. The
streamwise (z/d) traverse was driven by a 12 V to 24 V DC gearhead motor,
povered by the other side of the HP 5253 Dual DC Power Supply. The
spanwise position was monitored by a Clarostat Model 73JA ten turn linear
potentiome ter, powered by a Lambda Model IM203 5 V DC Power Supply. The
digital output from the potentiometer, which corresponded to the spanwise
position, was displayed on an HP 34768 Multimeter. The spamwise positions
were accurate to + 1/80 inch (% 0.32mmm).

8., Test Model

The cable that was used in the tests was manufactured by Philadelphia
Resin  Corporaticn, and was labeled "Phillystran" ps 29-C-39J. It was
constructed of seven strands of "Kevlar" ps 29-8105 rope, wound around
each other helically, and wrapped with a polyurethane Jjacket. The cross
section was not ciraular The cable had a 3/8 inch (9.53 mm) nominal
diameter, and a (.45 inch (11.43 am) measured diameter over the jacket, The
specific gravity of the cable was approximately 1.2, and the breaking
strength was 17,000 1bf.
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C. Experimental Test Setup

Figures 3 and 4 shov a top and upstream view of the testing equipment
arrangement, The cable was connected to the turnbuckies, which were
attached to the I-beam support frame, and stretched acruoss the span of the
tunnel. The center axis of the cable was at a vertical height, x/d = 0,
midvay between the test section floor and ceiling, It was decided that a
working distance of L = 4 feet (1.22 m) between the end plates would be
optimal. The resulting aspect ratio was L/d = 107, The cable was seaurely
fastened (pinned) at the end plates which were supported by braces extending
between the test section ceiling and flcor. This arrangement ensured that
no vibration would be transmitted beyond the end plates. The cable tension
was adjusted using two 3/8 Inch (9.53mm) turnbuckles which were located
outsida each of the test section walls. The cable ends were secured to the
turntuckles by four 3/8 inch (9.53mm) cable clamps. The turnbuckle at the
left wall was attached directly to the welded I-beam support structure. The
6 1inch I-beam support structure was lald across the top of the test
section. The right turnbuckle was attached to a Strainsert, Mydel FL1U,
1000 1b, Single Bridge, Universal Flat Load Cell, which was bolted onto the
I-beam support. The load cell was used to constantly monitor the catle
tension (Figure 7). The calibration factor was 3mv/(V excitation) output,
The 15 V DC excitation voltage was supplied to the load cell! by a Weston
Model 301 0-15 V DC Power Supply. The output (now calibrated such that 45
mv was equal to 1000 lbg voltage was digitally displayed on an HP 34768
Multimeters The value of the cable tension could be measured accaurately to

within + ! percent.

It was initially determined that the cable was too highly damped to be
naturally excited into the lowest vibrational modes by adjusting the wind
speed. A small Radio Shak 0-6 V DC Mabuchi Motor, with an eccentrically
located mass was attached to the cable at y/d = 43,1, near the right end
plate. Both the first and second modes of vibration could be excited by
varying the motor speed. Figure 8 shows the forced cable vibraticn setup.
An HP 625% Dual DC 0-5 V Power Supply provided the variable motor
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excitation voltage., The DC excitation voltage was constantly monitored on
the HP 3476B Multimeter

D. Cable Mode Shape Vibration Amplitude and Frequency Measurement

A Physitech Model 0H39B Remote (ptical Head was mounted to the traverse
(downstream of the cabie) and focused on the top edge of the vibrating
cabla. An 1incandescent light source was placed in front of the cable
(upstream). The optical head was connected to a Physitech Model 440 Electro
Optical Auto Collimator Control Unit (Figure 9). A general non-technical
description of the measuring system principle associated with the optical
head, auto collimator, incandescent light source system follows [33]. The
optical head with a suitable lens system focused an optical discontinuity
(cable-background 1light interface) on the light sensitive area of the
photomultiplier tube within the optical head. The focused image (cable)
represented a target whose movement was to be measured. The optical image
was coanverted to an identical electron image by the photomltiplier tube.
the control unit sent a repetitive electrical signal to the deflection yoke
in the image analyzer. This signal caused the photcmltiplier tube to scan
the electron image in a predictable manner, moving across the interface in a
perpendicular axis. As the scan moved across the interface, the output of
the photomultiplier tube sharply changed. The deflection signal current was
proportional to the position of the scan at any given time. The change in
the photomultiplier tube output instantly caused the control unit to sample
this curreat level, and thereby determined the position of the interface
with respect to the deflection current. Since the movement of the interface
was equivalent to the physical movement to be measured, the sampled level
which occurred when the interface was "crossed" was the position of the

target being measured.

To measure the amplitude of vibration, the output voltage from the auto
collimator unit (calibrated such that ! mm = 2V % 0.1V DC using the gain
setting) was sent to a Disa Type 55035 True RMS Voltmeter. The rms reading
wss then a direct weasure of the amplitude. In order to determine the

vibration frequency, the cutput signal from the auto collimator unit was
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band-pass filtered in a Krohn Hite Model 33R Variable Band-pass Filter and
dent to a 2ZTL Inc. Multichannel FFT Processor with DMS 5003 Computer, The
Krohn=Hite was used as an antialiasing filter, The FFT was used to
calculate a power spectrum of the fluctuating signal. The wvibration
frequency and pcwer spectrum were then displayed on the Tektrouix 4010
Graphics Display Terminal., The time based signal was continuously displayed
on a Tektronix 510N oscilloscope, therebty providing a visual monitoring of

the cable vibration characteristics.

E. Vortex Shedding Frequency Measurement

A TSI Model 1210 straight hot wire probe was attached to the traverse
and positioned in the cable wake at the point where the strongest vortex
shedding ocaurred:. The 0.0015 inch (3.8 um; platinum plated tungsten wire
sensor was operated at an overheat ratio of 1.8 using a TSI Model 1050
Constant Temperature Anemometer module with a TSI model 1751-6 Power Supply
and Monitor (Figure 10). The output signal from the ancmometer was band-

‘pass filtered in a Krohn-Hite Model 33R Filter, and sent to the ZTL Inc.

Multichannel FFT Processor with DMS 5003 Computer. The FFT was used to
calculate a power spectrun of the hot wire signal. The power spectrum was
then displayed on the Tektronix 4010 Graphics Display Terminal, as well as
the numerical value of the vortex shedding frequency which was obtained
using the peak search command within the FFT. The display terminal screen
was photographed by a Graflex camera loaded with Polaroid Type 57 High Speed
Film. The hot-wire signal was displayed at all times on the Tektronix 5103N
Oscilloscope,

F. Cable Wake Width and Vortex Formation Length Instrumentation

The TSI Model 1210 hot wire probe was mounted to the traverse, It was
then positioned either directly behind the base of the cable for formation
length (Lf) me asurevments, or one diameter above the top of the cable for
wake width (L) measurements. Using this arrangement it was then possible
to traverse downstream in the streamwise direction to measure Lg, or across
the cable wake to measure L,. The probe was operated at an overheat ratio

of 1.8 using the TSI Model 1050 constant temperature anemometer module with
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a TSI Model 1051-6 Power Supply and Monitor (Figure 11). The output signal
from the anemometer was band-pass filtered in a Multimetrics Inc. odel

AF-420L Active Filter. For formation length traces, the low and high pass
frequencles were chsv* fcsv/lo' The high and low pass frequencies for wake
width measurements were 10 Hz and (chsv'fcsv/Z)' The rms value of the
filtered hot wire signal was displayed on the Disa Type 55D35 True RMS
Voltmeter, Graphical displays of both the rms Lg and L, traces were
provided by an HP Model 7100B Strip Chart Recorder. Three second averaging

was used to smooth out the fluctuations in the rms curves.

Iv. EXPERIMENTAL METHODS
A. Cable Mode Shape and Vibration Frequency Measu:cemeut
It was decided that a cable tensicn of 509 1bg (0.0225 V output from
the load cell) would be optimal to use for all first mode forced vibration

tests. The natural frequency of vibration was estimated to be around 60
Hz, The cable tension was set to a value slightly higher than 500 lbg and
as the cable stretched the tension slawly decreased, finally settling in at
a value close to 500 lbge The Physitech Remote (ptical Head was mounted to
the gspamwise travarse at a downstream distance, z/dc = 44,5, The lens
system was then focused on the iaterface between the upper edge of the cable
and the incandescent light source which was placed upstream of the cable.
This location was established as the zero deflection position by adjusting
the zero set on the auto collimator control univu, The control unit was
calibrated such that 1| mm of statlc deflection was equal to 2V 4dc outpuc.
This calibration was accompiished hy deflecting the vertical traverse ! mm
and increasing the gain setting on the control unit until the voltage

reading on the multimeter was equal to 2V dc.

The signal output from the control unit was simultaneously sent to a
Disa rms meter, oscilloscope and Zonic FFT, The voltage supplied to the
small motor with the eccentric mass was adjusted such that the cable was
forced to vibrate at 1ts maximum amplitude in the first mode. The Physitech
output signal was band-pass filtered i{n the Krohn-Hite filter to prevent any

signal aliasing, The FFT was used to calaulate a power spectrun of the
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filtered signal. The peak search command was then used to obtain the

numerical value of the cable vibration frequency.

Af ter the natural frequencgy of vibration of the cable was determl ned,
the optical head was moved to the spanwise location, y/d = -52.0, The
optical head was traversed across the span ¢f the cable, from y/d = -52.0 to
y/d = 40,0, in incremen*ts of y/d = 4.0. At each increment, the rms value of
the vibration amplitude was measured. When each of these rms values is
nondimensionalized by the maximum rms value at y/d = 0, an accurate

repregentation of the mode shape can be plotted.

The same type of procedure was used to obtain the mode shape and
natural vibration frequency associated with the cable when it was forced to
vibrate in the second mode. The cable tension was decreased to 225 1lbg
(0.0101 Vde output from the load cell) and the second mode natural frequency
was estimated to be around 67 Hz. The span of the cable was again traversed
in increments of y/d = 4.0, and the rms value of the signal at each location
was obtained. The FFT was used to calculate the sgcond mode natural

vibration frequency.

B. Cable Lock-on Region Tests

Prelimi nary observations of power spectra, taken of the hot wire signal
at various combinations of vertical and streamwise positions above and
behind the base of the cable, indicated that the position of the strongest
vortex shedding was at a height, x/d = 0.92 and downstream location, z/d =
3.5, Before any lock-on tests were performed, the Strouhal anumber of the
non-vihrating cable as a function of {increasing Reynolds number was
determined. The hot wire probe tip was placed at the optimal position (x/d
= 0,92, y/d = 0, z/d = 3.5) and the filtered signal irom the anemometer was
input into the FFI. A power spectrum of the signal was calculated and the
vortex shedding frequency was found using the peak search command, and
displayed on the terminal screen, The corresponding Reynolds number was
calculated by the data acquisition system program and printed out along with

the centerline velocity. The Strouhal number was then calculated using the
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relationship, St = fcsd/Uc. The Reynolds number range covered oy these tests
was 1.8 x 103¢ Re_ < 41.C x 10%,

Again, preliminary observations of power spectra of the hoc wire signal
were used to help establish the criteria that would determine when the
vortex shedding frequency from the cable (fcsv) locked-on to the forced
vibration frequency of the cable (fcv)’ When the amplitude ratio of the
vibration and vortex shedding peaks was equal to 20 (acv/acsv 20), the
vortex shedding was considered locked on to the forced cable vibration. The
frequency range over which the cable vortex shedding locked on to the cable
vibration, as a function of vibration amplitude (a/d), was determined using
the following procedure. The cable was forced to vibrate in the first mode
and the Physitech optical head was used to measure the vibration amplitude
(a/d) at y/d = O, The hot wire was placed at the optimum position (x/d =
0.92, y/d = 0, z/d = 3.5). The Reynolds number was gradually increased
until the lower lock-on frequency was determined (vortex shedding locked on
to the cable vibration), and increased until the upper lock-on frequency was
established (vortex shedding brcke away from the cable vibration). This
procedure was repeated at spanwise intervals of y/d = 4.0, starting at the
center of the cable, y/d = 0, and ending at the left end of the cable, y/d =
-48.0. The same procedure was followea using the second mode shape. In
this manaer, the variation of the lock-on region as a function of increasing
amplitude of vibration (a/d) was studied.

When the lock=-on range vs. a/d tests were completed, the probe was
positioned at y/d = 0. With the cable still vibrating in the first mode,
the variation of the Strouhal number (cable vortex shedding frequency) as a
function of increasing Reynolds number was determined, so that these values
could be compared to the stationary cable St vs. Re data. Another basic
test was also conducted. The spanwise variation of the vortex shedding
frequency from a vibrating cable, at Revnolds numbers preceding and
following the locked-on region was examined. It was desired to determine {if
the cable mode shape, (i.e., sparwise variation in a/d due to the vibration)
had any effect on the spanwise shedding frequencies. To accomplish this,

the cable was vibrated in the first mode and the entire span of the cable,
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Once the wake widths were determlned as a function of increasing
Reynolds number for the non-vibrating cable, the cable was vibrated in the
first mode at each of those a/d values corresponding tc the formtion length
traces. Following the same procedure used to determine the variation of L,
with increasing Reynolds number for the non-vibrating cable, the variation
of L, with increasing Reynolds number at each individual value of a/d for
the vibrating cable was investigated. The wake width traces were displayed

on the strip chart recorder.

D. Sphere Lock=-on Regions

One of the goals of this study was to analyze the effect that placing
various bluff body shapes on the cable would have on the spanwise variation
§80 ssy) cable
in sheared and unsheared flow. The shape chosen was a 1.5 inch (3.81 cm)
diame ter spherical ping pong ball. The balls had 0.45 {inch (l.14 cm)
diameter holes drilled through them so they could be mounted on the cable at

of vortex shedding from both a stationary (f ) and vibrating (f

various y/d locations. Ping pong balls were chosen because their mass
insignificantly affected the cable mode shape characteristics, 1i.e.,
amplitude and vibration frequency.

Before investigating the lock-on regions for the sphere, the behavior
of the vortex shedding (St) from the sphere as a function of increasing
Reynolds number was investigated in the range 6.57 x 103 < Re < 24.17 x
103, The hot wire probe was positioned at x/d = 0.92 and z/d = 3.5,
directly behind the base of the sphere., The Reynolds number was increased
in small increments, and at each increment a power spectrum of the filtered

hot wire signal was calculated. The shedding frequency (f ) of the sphere

s3o
was found using the FFT's peak search command and displayed on the terminal

scree,

The criterion that was used to determine when the vortex shedding from

the sphere (f locked-on to the vibration frequency of the sphere (f_,)

ssv)
was slightly different than that used to deter-mine the cable lodk=-on
frecuencies. When the amplitude ratfo of the vibration and vortex shedding

peaks was equal to 10 (asv/ 10), the shedding frequency of the sphere

=
453y
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Once the wake widths were determined as a function of increasing
Reynolds number for the non-vibrating cable, the cable was vibrated in the
first mode at each of those a/d values corresponding tc the formtion length
traces. Following the same procedure used to determine the variation of L,
with increasing Reynolds number for the non-vibrating cable, the variation
of L, with increasing Reynolds number at each individual value of a/d for
the vibrating cable was investigated, The wake width traces were displayed

on the strip chart recorder.

D, Sphere Lock-on Regions

One of the goals of this study was to analyze the effect that placing
various bluff body shapes on the cable would have on the spanwise variation
sgo) and vibrating (fg ., ) cable
in sheared and unsheared flow. The shape chosen was a 1.5 inch (3.81 cm)
diameter spherical ping pong ball. The balls had 0.45 inch (l.14 cm)
diameter holes drilled through them so they could be mounted on the cable at

of vortex shedding from both a stationary (f

various y/d locations. Ping pong balls were chosen because their mass
insignificantly affected the cable mode shape characteristics, 1i.e.,
amplitude and vibration frequency.

Before investigating the lodk-on regions for the sphere, the behavior
of the vortex shedding (St) from the sphere as a function of increasing
Reynolds number was investigated in the range 6.57 x 103 < Re £ 24,17 x
103. The hot wire probe was positioned at x/d = 0.92 and z/d = 3.5,
directly behind the base of the sphere. The Reynolds number was increased
in smll increments, and at each increment a power spectrum of the filtered

hot wire signal was calculated. The shedding frequency (f ) of the sphere

s3o
was found using the FFT’s peak search command and displayed on the terminal

screen,

The criterion that was used to determine when the vortex shedding from

the sphere (f__..) locked-on to the vibration frequency of the sphere (fsv)

ssv
was slightly different than that used to deter-mine the cable lod-on
frequencies. When the amplitude ratio of the vibration and vortex shedding

peaks was equal to 10 (asv/a = 10), the shedding frequency of the sphere

S 8V
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was considered to be locked on to the vibration frequency of the <phere,s
The two criteria were different because the amplitude of the cable vortex
shedding peaks on the power spectra were slightly scroager than the
amplitudes associated with the power specira of the vortex shedding from the

gspheres.,

The procedure used to examine the lodt-on regions for the sphere was
similar to that used when the cable lock-on regions were determined. The
spheres were first placed at four sparmwise locations along the cable; y/d =
0, =24, -32, and =-42. The cable was vibrated in the first mode and the
vibration amplitude, a/d, was measured by the Physitech optical head and rms
meter at the position y/d = 4.0, The hot wire probe was placed directly
behind the first sphere (y/d = 0) at the position, x/d = 0.92 and z/d =
3.5. The Reynolds number was slowly increased and the lower and upper lock-
on frequencies for the sphere were determined. The same procedire was
followed for the spheres located at y/d = =~24, =32, and =-42. Four more
lock-on regions at different a/d values were measured when the cable was
vibrated in the second mode. The possibility that the vortex shedding from
the sphere could lock-on to one half the vibration frequency, as well as to

the vibration frequency itself was also examined.

E. Sphere Region of Influence

The interactions between the sphere and cable wakes 1in both a
stationary and vibrating situation were studied. Of particular interest was
the spamwise range of influence that the vortex shedding from the sphere had
on the vortex shedding from the cable. From preliminary observations of
power spectra 1t was decided, when the amplitudes of the peaks associated
with the sphere and cable shedding frequencies displayed on the power
spectra were equal, that thils position would be considered the end of the

spanwise region of influence of the sphere.

To measure the region of influence, the hot wire probe was placed at a
spanwise location four cable diameters (y/d = 4.0) away from the center of
the sphere, which was located at y/d = 0. The probe tip was then placed at
a height x/d = 0.92 and downstream position z/d = 3.5. The probe was
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traversed in small 1/20 inch (y/d = 0.1i) increments toward the center of
the sphere. The spanwise location where the magnitudes of the sphere and
cable shedding peaks were equal on the power spectrum of the filtered hot
wire signal was recorded. The probe was then traversed away from the center
of the sphere and the entire reglon of {nfluence was established. The
variation of this region of influence with increasing Reynolds number for
the cases of a non—vibrating and vibrating cable-sphere combination was
studied, and the variation of this spanwise region of influence with
changing a/d was also studied. Four spheres were placed on the cable at the
locations, y/d = 0, =24, =32, =42, The cable was vibrated in the first mode
and the vibration amplitude at y/d = 4.0 was measured using the Physitech
optical head and rms meter. The probe was again placed four diameters away
from the center of the vibrating sphere (y/d = 0), and traversed in the
spanwise direction across the sphere to determine the entire region of
influence. The same procedure was follawed at each of the span— wise
positions of the three remaining spheres, y/d = =24, -32 and =42, which were
all vibrating at different amplitudes (a/d values).

Five spheres were placed on the cable at the locations y/d = -32, -16,
0, 16, 32, and their 1influence on the spamwise vortex shedding
characteristics of the vibrating cable in unsheared flow was investigated.
It was desired to determine whether or not the same phenomena would be
observed when these results were compared to those obtained without the
spheres. (See the end of Section IV B, "Sparwise variation of the vortex
shedding frequency from a vibrating cable at Reynolds numbers preceding and
following the lock—-on regiom ...").

F. Spanwigse Sheared Flow Tests

The maximum value of the shear parameter, 8 = d/Uc(dU/_';), that could
be achieved in the wind tunnel was B = 0.0053. Four different tests were
performed to examine the spamwise vortex shedding characteristics of the
cable wake when the cable was subjected to this sheared flow. The first of
these tests examined the spamwise shedding structure at three d.iferent

Reynolds numbers. The cable was then vibrated in the first and second
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modes, and the spamwise shedding characteristics were again observed at
three Reynolds numbers. Spheres, spaced at y/d = 20 for one test and y/d =
28 for the other, were added to the non-vibrating cable. The effect of
adding the spheres, and varying their spacing, on the shedding pattern was
exami ned. Lastly, the cable with the spheres attached was vibrated in the
first mode. The effects that these two spacing combinations had on the

vortex shedding patterns in the cable wake were studied.

The three Reynolds number values that were used when the vortex
shedding structure in the non-vibrating cable wake was studied were Re, =
2.6 x 103, Re, = 2,96 x 103 and Re, = 3.72 x 103. The two tests at Re. =
2.6 x 103 and Re, = 3.72 x 103 were performed during the Lnitial first phase
of the investigations, three months before the main second phase of the
tests. The hot wire probe during the first phase was set at a much less
than optimai position, x/d = 1.25 and z/d = 5.5, than was later found to be
required to obtain a clear picture of the actual shedding stmcture. For
the test at Rec = 2.96 x 103, the hot wire probe was positioned at the
optimal height, x/d = 0.92, and downstream location, 2z/d = 3.5. The
procedure used to measure the values of vortex shedding along the span of
the cable, for both the first and second phases of the investigation was the
saume. The probe was placed at the spanwise loction, y/d = =42,7 (first
phase) or y/d = =48, The entire span of the cable, y/d = =42,7 to y/d = 40
(first phase) or y/d = =48 to y/d = 48, was traversed in increments of y/d =
2.7 (first phase) or y/d = 2.0. At each increment, a power spectrum of the
filtered hot wire signal was calculated by the FFT and displayed on the
termi nal screen, Using the peak search commmnd, the dominant vortex
shedding frequencies at each location were identified and also printed on
the terminal screen. A photograph (hard copy) of the terminal screen was
taken to record the power spectrum and vortex shedding frequency values at

each position

For the second series of tests, the cable was vibrated in the first
mode at the two lower Reynolds numbers, Re, = 2.6 x 103 and Re, = 2.96 x
103, and in the second mode at Re, = 3.72 x 103. These Reynolds number

values had been previously chosen such that the cable vortex shedding would
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lock on to the cable vibration frcjuency over the central portion of the
cable span. The amplitudes of vibration for each of these tests were
measured using the Physitech optical head and rms meter, and recorded. The
span of the cable, from y/d = =42,7 to y/d = 40 (first phase) or from y/d =
-48 to y/d = 40, was traversed in increments of y/d = 2.7 (first phase) or
y/d = 2.0, At each increment, the power spectrum and shedding frequency
values were calculated and photographed as in the previous set of non-

vibrating cable tests.

When the spheres were added to the non-vibrating cable, two different
spacing configurations were tested, In the first configuration, five
spheres were placed at the spamwise locations, y/d = -40, -20, 0, 20, 40,
Three spheres were placed at locations, y/d = =28, 0, 28, in the second
configuration, Each of these configurations were tested at the Reynolds
number, Re, = 2.96 x 103. The probe was placed at the optimal position, x/d
= 0,92 and z/d = 3.5. The span of the cable, from y/d = =48 to y/d = 48, was
traversed in increments of y/d = 2.0. At each increment, the power spectrum

and vortex shedding frequency values were calculated and photographed.

The final two tests in this sequence of four were to vibrate the cable
in the first mode with each of the two sphere configurations on the cable,
The .mplitude of the first mode vibration was measured using the Physitech
and rms meter. The Reynolds number for the first test (five spheres placed
y/d = 20 apart) was, Re, = 2.96 x 103.  When the second configuration was
tested (three spheres placed y/d = 28 apart) the Reynolds number was
slightly different, Re, = 2.93 x 103. The cable span, from y/d = =48 to y/d
= 40, was traversed in increments of y/d = 2.0. Again, the power spectra

and freque~-  value were displayed on the terminal screen and photographed.

Thrcughout the second phase of investigations, those tests performed at
Re, = 2.96 x 103 and Re, = 2.93 x 103, it was desired to keep the Reynolds
numnber, vibration amplitudes, and cable vibration frequencies as close to a
constant val .8 possible. This would allow direct comparisons of the data
obtained in all six of the tests. From these comparisons, it was hoped that
some light would be shed on the effects associated with placing spheres on a

vibrating cable in a sheared flov.
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V. Results and Discussion
A, Cable Mode Shapes

The experiment had been designed [II.G] in order to measure the flow
properties in the near wake of a flexible cable forced to vibrate in the
first and second modes. The nondimensional first mode shape is shown in
Figure 12, The absolute value of a/amx (percent), where a is the measured
local sparwise vibration amplitude and apax 18 the maximum value of the
measured amplitude (antinode), is plotted against the spanwise location
(y/d) along the cable. The shape was invariant with vibration amplitude,
amax/d’ evidenced by the collapse of the second phase (amx/d = 21,0 percent
and 26.5 percent) and first phase (amx/d = 37 perceat) data points onto a
single curve. The maximum deviation of the data points from the mean curve
was +3 percent, It should be noted that most of the data points at amax/d -

26.5 percent and 21.0 percent plotted on top of each other, and only those

few points (open squares) with significantly different values were plotted
separately. The measured values of the vibration amplitudes (a) along the

span of the cable were accurate to within 4 percent (accuracy of the

Physitech rms meter setup).

During the first phase of the investigations, a vibration wedge was
used to measure the spanwise vibration amplitude, as well as the Physitech
and rms rmeter arrangement. The two values were found to correspond to

within 46 percent. Reading the vibration wedge accurately is a very

RAlr DR AP™ i

difficult task, and this crude comparison was performed for the purpose of

completeness only.

TR T T T,

The first and second phase second mode shapes are presented in Fiqure

y 13a, b respectively. The motor was positioned at y/d = 43.1 during the
second phase tests, and at y/d = 40 for the first phase tests. This
difference in motor position had an influence on the location of the central
v node during the two tests. The node was located at y/d = 12 for the second
phase tests, so that the mode shape was approximately a 3/4 sine wave. The
L node was located at y/d = 0 for the first phase tests, and the shape was

characterized by a full sine wave. The second mode shape was also invariant

\ with amax/d'
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B. Lock-on Phenomena

In this section, the near w.ke vortex shedding from a stationary and
forced—vibrating cable and sphuere cable combination was discussed.,
Particular emphasis was placed on synchronization (lock-on) related

pheanownena.,

The frequency boundaries of the cable lock—-on regions (acv/acsv 2 20.0)
are plotted in Figure 14 as a function of increasing vibration amplitude
a/d, for the amplitude range 0.02 tov 0,32, It was desired to obtu.n a
mathematical expression, similar to those obtained by Stansby [44] for the
lock-ou range of a vibrating cylinder, for the bounds of cable lock=-on.
Linear regression by the method of least squares was used to fit a line
through the data points describing the lower and upper boundaries of the
lock=-on region. The linear fit through the lower boundary (S /ch
fegy/fcy < 1.0) data is

csv

fugy/Ecy = 0.97 (1.0 - 0.69 a/d),

CSV/

2

with r© = 0,94, and the equation defining the upper boundary is

£ = 1.03 ( 1.0 + 1.14 a/d),

CSV/fCV

with rZ = 0,98. The acauracy of this linear fit is described by the value

of rz, where r2

= 1,0 defines a perfect linear fit, Both the second phase
(clo.ed squares) and first phase (open circles) results exhibited no
significart amount of scatter around the least squares £fit, which
demonstrated the reprodicibility of the results over a long time period.
The numerical vatues of the frequencies defining the upper and lower
boundaries of the lock—on regions could be measured accurately to within
+1.5 percent. The largest error was introduced by the uncertainty in the
vibraticn amplitude a/d measurements: +4 percent for the second phase tests

and * 10 percent ror the first phase tests.

The frequency range over which the vortex shedding lodied-on to the

cable vibration incrcased proportionally with the amplitude, a finding that
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was consistent with Koopmann’s [25] and Staansby’s [44] results. Koopmann's
data fell within the region enclosed by the current data whereas Stansby’s
data shawved a larger lock—on region, The differences in the length of the
lock=on reglons could be attributed to the differences in the near wake of
the vibrating cylinder and helically wound cable, and differences in the
measurement procedures and criteria used to define the lock-on region. The
shedding remained locked-on to the cable vibration significantly longer at
the upper boundary. In the unforced situation, as the flow speed past the
cable was increased, the vortex shedding self excited the cable into
resonance only when the natural frequency was equal to or less than the
shedding frequency (f . ,/f.y > 1). This synchronization then persisted as
the flow speed was increased until the vortex shedding was no longer able to
naturally excite one of the natural modes, In unforced synchrounized
vibrations, there was no substantial lower lock-on region. The behavior of
the vortex shedding behind a forced-vibrating cable was therefore very
similar to that exhibited during natural synchronization. In the present
results, the frequency boundaries of the lock-on reglon were insensitive to

whether the wind speed was ascending or descending through the region.

Lock-on phenomenon can be further examined by plotting the rediced

velocity, U at the boundaries of the lock-on region vs., the vibration

r,
amplitude, The reduced velocity was a nondimensional quantity that was
frequently wused when discussing self-excited vibrations at a natural

stmuctural frequency., It was defined as
-1
Up = Uo/Eoyd = (fego/fey) U/fogod = (fogo/fey) ST °e

U.* was the rediced velocity at perfect synchronization (f For

csv = foyle
self~excited oscillations of a structure, the unsteady displacement
amplitude first built up as U, approaches U.* tovard a maximum amplitude

which usually occurred at f 1.2, and then decreased as the upper

cso/fcv =
limi t of the synchronization range was reached (Ur > Ur*)' 'The excitation
range cf these s:1f induced oscillations in air was 4.5 < U, < 7.5 [20] and
the maximum displacement amplitudes occurred in the range 5.0 < U, < 6.7

(20].
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The rediced velocities at the upper and lower boundaries of the cable
lock=on region, as a function of forced vibration amplitude a/d, were
plotted in Figure 15 for values of a/d up to 0.322, Parfect synchronization
occurred at the critical reduced velocity value U.* = 5.50 * 2.5 percent,
The corresponding Reynolds number and velocity values were Re, = 2,93 x 103
and U, = 12.98 ft/sec +2.0 percent. At this critical reduced velocity, a
discoantinuous change in the time averaged and fluctuating forces on an
oscillaring cylinder occurred [50]. In Figure 15, the cable vortex shedding
locked~on to the forced vibration frequency at a coastant redaced velocity

over the lower boundary, U, < U.*. This mean value, U, = 5.10 #3 percent,

r
wag 7.3 percent less than the critical reduced velocity. The upper boundary
of the lock-on region increased linearly with a/d, a phenomenon that was
expected to occur during both forced and unforced synchroaization, In
natural synchronization, when U, < Ur* the cable could be self=-excited
because the periodic force did not have a component in phase with the
oscillatory veloclity of the cable. When Ur -Ut*. the vortex shedding and
natural vibration frequencies perfectly synchronized (are in phase) and the
cable exhibited the maximum self-excited resonance vibrations if the system
damping was sufficiently small, This frequency capture (resonant in-phase
vibrations) then coatinued until the upper boundary of the lock=on region
was reached. At this value of Ur’ the resonant amplitudes died out
completely and the two frequencies no longer acted in unison. Iinear

regression by the method of least squares was used to obtain an equation,

U, = 5.76 (1.0 + 0.86 a/d)

2

with r© = 0.988, to describe the upper boundary of the lock=on region,

A combined analysis of Figures 14 and 15 revealed that the frequency at
which the vortex shedding initially locked-on to the forced cable vibration
frequency was the variable that was changing with amplitude. It would be

instructive to plot the Strouhal number (St, = f d/Uc) values at the upper

csv
and lower boundaries of the lock-on region as a function of 1acreasing
vibration amplitude a/d, to examine how the frequency changed. Such a plot

is presented 1n Figure 16. For vibration amplitudes below 1l percent, the
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data exhibited no substantial change. The numerical values of the lower
bound Strouhal numbers were consistently less than their upper bound
counterparts, and both values were less than the numerical value found 1in
uniform flow about the stationary cable. This result was consistent with
both Griffin"s [15] and Koopmann’s [25] ohservations pertaining to vibration
amplitude-related changes. They both noted that for forced vibration
amplitudes 1less than 10 percent of a cylinder diameter, no measurable
lacrease in the correlation or coherence of the vortex shedding along the
cylinder span could be observed. Above 10 percent, there was a measurable

increase in the spanwise correlation or coherence of the shedding.

For amplitudes greater than 1l percent, the Strouhal numbers defining
the lower boundary of the lock=-on region decreased linearly with increasing

a/d. The least square fit for the data was
Stc - 0.198 (100 - 00835 a/d)o

This reduiction of Strouhal number, with increasing é/d, at the lower
boundary of the lock-on region had been observed by Wou et al (48] in their
experimental studies, and by Sarpkaya [41,42] in his numerical analyses. In
the synchrnaization region, the vibration caused the vortex formation length
Lg to be rediced cconsiderably, i.e., Lg varied inversely with a/d
(9,15,16].  Accompanying this decrease in Lg, with increasing a/d, was an
increase in the vortex strength [9,21,22]., Both Davies [9] and Griffin and
Ramberg [21,22] noted that the growing vortex on a vibrating cylinder rolled
up closer to the cylinder base and was stronger than that for a stationary
cylinder. The vortices were shed at a lower Strouhal number because of the
increased strength and period of formation. During synchronization, there
was a constant period of time available for the vortices to form. The
vortex strength was 1increased because each graving vortex was fed
circulation over a longer constant period of time. Sarpkaya and Shoaff [42]
nunerically showed that as the strength of the vortices in the near wake of
a vibrating cylinder was 1ncreased, the Strouhal number decreased

proportionally.
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At the upper lock-on limit, the Strouhal number jumped to a constant
value (independunt of a/d) slightly less (2,5 percent) than that found in
uniform flow about a stationary cable flow. This result was consistent with
one of the observations listed by Sarpkaya [41] in his summary of the
primary consequences of synchronized shedding. He stated that at the end of
the lock-on range the vortex shedding frequency jumped to a value governed

by the Scrouhal relationship.

It was desired to examine the range of Reynolds numbers over which the
vibration had significant influence on the Strouhal number. Figure 17
presents a plot of the centerline Strouhal number variation with Reynolds
number in the near wake of a stationary (a/d = 0.0) and vibrating (a/d =
0.24) cable. The results spaned the entire lock=-on region. The stationary
cylinder Strouhal number values decreased by 2.5 perceat over the Reynolds
number range examined. Ad jacent to the lower boundary of the lodk-on region
(Re, € 2.75 x 103), the Strouhal numbers assoclated with the vibrating cable
were centered around a constant value of St, = 0.157 3.2 percent. It will
be shown later in this chapter (Figure 30), that the formation length was
also substantially rediced in this region adjacent to the lock-on raange.
The vortices were shed at a lower Strouhal number because of the increased
vortex strength which accompanied the decrease in the formation length. It
was also noted [41] that in the regions adjacent to the lock-on range, the
vortex shedding was intermittent between forced and unforced. This also
contributed to the strength of the vortices, thereby lowering the Strouhal
number, At the upper boundary of the lodk-on region (Re > 3.85 x 103), the
Strouhal number jumped to within 3.6 percent of the non—vibrating Strouhal
number, a result that was consistent with those found in Figure 16 aud in
Sarpkaya‘’s (41] summary. The Strouhal number was slightly less than that
value found in stationary flow due to the intermi ttency of forced and
unforced shedding at the upper boundary. This probably caused the vortices
to be slightly stronger and the Strouhal number slightly smaller. The
formation lengths in the adjacent region (Figure 30) were also measurably
less than those behind the stationary cable, another indication that the

vortices were stronger, At still higher Reynolds numbers, the vibrating and
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stationary curves merged, and the vibration no longer had an appreciable

influence on the vortex strength, formation length and shedding freque:cy.

When Ramberg and Griffin [36] examined the wake behind their vi brating
cable, they were able to define three distinct flow re imes (these are
discussed in detail in 1v, D) along the vibrating cable span. The spamwise
power spectra in Figure 18 showed how the vortex shedding and cable
vibration frequencies interacted during lock-on. The cable was vibrated in
the first phase second mode with a maximum vibration amplitude of 11.7
percente The flow Reynolds number was 3.83 x 10°. ALl three distinct flaw
regions were present along the cable span. The length and position of each
of the three regions were defined by the presence of three distinct types of
power spectra. The spectrum at the cable node (y/d = 0) closely resembled
that found in the case of a stationary body, where the shedding fluctuations
in the near wake occurred principally at the Strouhai frequency., The
spectra between y/d = =-16,0 and -5.3 and y/d = 5.3 and 16.0, and those
spectra located at y/d = 42,7, 37.3 and 40, were representative of the
transition region where both the Strouhal and cable vibration (fcv = 82, 5Hz)
frequencies were present. In these reglons, the component of the vibration
frequency only coatributed significantly to the motion. The spectra
centered arouad the two antinodes, y/d = -37.3 to -16.0 and y/d = 21.3 to
32, were dorinated by the vibration frequency (i.e., the vortex shedding was
locked—on to the cable vibration). The spanwise shedding in this region was
highly correlated.

It was desired to see what 1influence the wvariation in spamwise
vibration amplitude (mode shape) would have on the vortex shedding along the
cable, at Reynolds numbers below and above the lock-on regions. Figures 19-
21 present plots of the spanwise shedding frequencles at various Reynoids
numbers, The results at Reynolds numbers belaw the lock-on region (Figures
19a, b and 20a) already had been shown to have been influenced by the
vibration (i.e., shorter formation length, stronger vortices, and lower
Strouhal number). The three figures clearly demonstrated that the vortex
shedding frequency (Strouhal number) decreased (by as much as 15 percent)

with increasing a/d along the cable span. The minimum value of the shedding
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frequency in each of the figures could be found at the cable antinode, where
the vibration (amax/d) was the largest. Both Griffin [15,16] and Davies
{10] had shown that the vortex formation length decreased with increasing
a/d, and that the resulting vortex streagth increased. In the present
results, the increase in a/d along the span suggested a correspoading
decrease in Lg and an increase in vortex strength. The increase in vortex

strength decreased the Strouhal number along the span

Figures 20b and 2la,b,c show the results obtained for Reynolds numbers
above the lodt-on regions. The four figures clearly illustrated the general
amplitude dependent phenomena at these Reynolds numbers. The sinedding
frequency (Strouhal number) increased proportionally with wvibration
amplitude, a/d. This was directly opposite the pattern found for Reynolds
numbers belaw the lock-on region. These increases were all small, less than
5 percent. The maximum value of frequency occurred at the antinode, where
the vibration amplitude was the largest (amax/d)' The formtion lengths
were found to be 1insignificantly affected (Figures 27 to 30) by the
vibration at these Reynolds numbers. The vortex sheddihg frequencies were
greater than, and not locked-on to, the vibration frequenc,. The vortices
were no longer shed at the position of maximum amplitude, as they were
during synchronization. They were now shed at random positions. The wake
oscillated sinusoidally because of the vibration, and the magnitude of these
oscillations depended on the spanwise location (i.e., vibration amplitude
a/d) along the cable. This combination of increased wake oscillations and
variation of the position at which the vortices were shed with increasing
a/d, probably resulted in the inc..cased destruction and cancellation of
vorticity 1in the shed vortices. The accompanying decrease 1in vortex

strength with increasing a/d then caused the Strouhal number to increase,

Another major objective of the present study was to obgserve the changes
in the near wake spamwise vortex shedding patterns that were generated by
placing spherical bluff body shapes on the stationary and vibrating cable in
a linear shear fluw, Preliminary to any shear flov tests, the Strouhal
number and lock-on regions associated with an individual sphere-cable

combination had to be determined. The mean Strouhal number value of the
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sphere—-cable combination was found to be constant throughout the Reynolds
number range (based on sphere diameter) 6.57 x 103_<_Re £ 24,17 x 103, at a
value St; = 0,296 % 0.004. The increased bluntness of the sphere-cable
combination caused the Strouhal number to be less than that associated with
an 1isolated sphere, for which Sty = 0.37 (Hoerner [24]). This value was
significantly higher than those measured by Achenbach [1] and by Pao and Kao
[29], but fell well within the data scatter of all the tabulated

measurements.

The frequency boundaries, fssv/fcv’ defining the lodk~on regions of the
sphere—cable combination are shown in Figure 22. The meximm vibration
amplitude, bagsed on sphere diameter, was e./ds = 8,0 percent, The least-
squares linear fit through the data points defining the lower end of the
lock-on region (fgo,/f., < 1.0) was

fggy/Eay = 0-95 (1.0 = 5.22 a/d,)

with r2 = 0.94. Tee linear fit through the data points.defining the upper
boundary (f v > 1.0) was

SSV/fC

fogu/Ecy = 0096 (1.0 + 4.68 a/dy)

2

with rc = 0,96, nlike the cable lock=-on region (Figure 14), where the

lower lock—on region was substantially smaller than the upper region, the
lawer sphere-cable lod:-on region was measurably wider than the wupper
region. Also, the total widths of the sphere-cable lock-on regilons were
subg tantially larger than their bare cable counterparts. The data points in
Figure 22 were representative of the 1lock-on vegions centered around
figv/fey = 1:0. During the tests, it was observed that the sphere-cable

ssv/fcv = 1/2) of the
vibration frequency over a wide range. There was a very small frequency

combination also locked-on to a submultiple (f

range separating the upper boundary of the lock-on region centered around

sev/f
amplitudes of vibration, one would expect the two regions to merge, thereby

fogy/fecy = 1/2 and that centered around f cv = L0 For 1large

creating a single very wide lock-on regiom Be cause of this interaction
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between the two regions, the lower boundary was extended such that 1t became

larger than the upper boundary.

Figure 23 presents a plot of the reduced velocity, U, = Uc/fcvds’ at
the boundaries of the sphere-cable lock-on reglons as a function of the
vibration amplitude a/ds. The mean value of the critical reduced velocity
associated with the sphere-cable combina-tion was Ur* = 3,39 +£0.23. This
value was different than the value characterizing cable lodk-on, Ur* = 5,50,
mainly because of the different types of vortex shedding patterns associated
with the two different bluff body shapes. ‘The maximum amplitude at which
the sphere—cable combination was vibrated was less than 10 percent, For
this reason the data could not be compared further to the cable lock-on data
because of the wuncertainty associated with the cable lock-on properties
belar 10 percent, The least squares fit through the data points defining

the lower bhoundary of the sphere-cable lock—-on region was

2

with r“ = 0,90, and the equation defining the upper boundary was

U, = 3.49 (1.0 + 3.02 a/dy)

with r2 = 0,77, The width of the sphere-cable lodt-on region increased in
proportion to a/ds, just as the width of the cable lock-on region had.

The interactions between the sphere and cable vortex wakes behind both
a stationary and vibrating sphere—able combination were studied to examine
the spamise range over which the sphere vortex wake influenced the cable
vortex wake, The entire range of influence for the non-vibrating
combination was 5.9 cable diameters, and for the vibrating combination the
range was 5.8 cable diameters. The length of this range was found to be
Reynolds number independent (in the Re range examined), and vibration
amplitude independent (for values a/d < 0.26).

It was desired to determine whether or not any type of stabilizing
influence, on the already amplitude-dependent shedding structure (see
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Figures 19a and 20a), would be generated by placing five spheres at
equidistant locations on the cable span. The five spheres were placed at
y/d = =32,0, -16.0, 0.0, 16,0, 32.0 and the cable was vibrated in the first
mode with an amplitude a/d = 0.242, The cable shedding was not locked-on to
the vibration at Re, = 2,23 x 103; hovever the spheres were near to being

locker-on to a submultiple (f 1/3) of the vibration. The spanwise

ssv/fcv =
variation of the Strouhal number along the vibrating cable, with the five
spheres attached, is shown in Figure 24. Compared to Figures 19a and 20a,
where the vortex shedding decreased gradually as a/d increased, the vortex
shedding was generally forced into cells of constant frequency between the
spheres., Except for the end cell which was dominated by the motor wake (y/d
= 36,0 to 40.0), all the cells had less than a +0.5 Hz variation away from
the mean value, The general pattern of decreasing Strouhal number with
increasing a/d was still preserved within this forced cellular structure.
The presence of the spheres on the cable was able to alter (stabilize the
shedding “nto cells) the spanwise shedding frequer-<y structure significantly

when compared to the bare cable case.

C. Formation Lengths and Wake Widths
Typical formation length (Lf) and wake width (L,) traces, obtained in

the near wakes of bnth the stationary and vibrating cables, are shown in
Figure 25, The formation lengths were measured by noting the maximum value
of the filtered rms anemometer signal as the probe was travarsed in the
downstream (along wind) direction at the base of the cable. The wake width
values were obtained by measuring the vertical distance between peak values
of the filtered rms signal trace as the hot wire was traversed perpendicular
to the base line, at the corresponding formation length. Most of the
experimentally measured values of the formation length, shaown in the next
five figures, were reproducible to within +4.0 percent of an average mnean
value, with a few extreme values differing by 8.0 percent. The
reproducibility of the wake width values was slightly better than the
formtion lengths at 43,0 percent from the mean value., In each of the next
five figures (26-30), the formation length aand wake width values are shown

as functions of Reynolds number, corresponding to the five individual values
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of vibration amplitude tested. Changes in the formation lengths aad wake
widths that could be directly related to increasing Reynolds number, vibra-
tion amplitude variations, and synchronization will be discussed.

The formation length and wake width values, in the near wake of the
stationary cable (a/d = 0), are plotted in Figure 26 for the Reynolds number
ange 2,0 x 103 to 4.2 x 10% It was immediately obvious that the formation
length was highly Reynolds number dependent. Measurable differences in the
shape of the curve and magnitudes of the values were evident when these near
wake cable results were compared with the smooth ciraular cylinder results
(Figure 1). These differences were the result of the changes in the near
wake created by the helically wound cross section of the cable. Be tween
Reynolds numbers 2.0 x 103 and 1.0 x 104, the cylinder and cable Lg curves
exhibited a decrease in Lg with increasing Reynolds oumber. The cable
values were measuvrably larger than the cylinder values, l4 percent at 2.0 x
103 and 33 percent at 1.0 x 10%. At Re = 1.0 x 104, the formation length
was a minimum on both curves, with Lg/d = 1.32 behind the cylinder and Lg/d
= 1,75 behind the cable. The smooth cylinder values then remained constant
with Reynolds number out to Re = 1.5 x 105, at the minimum value Lg/d =
1.32, while the cable values increased with Reynolds number, such that at Re
= 4.1 x 10% the value vas Lg/d = 2.10. The helical cross section of the

cable lengthened the vortex formation region, the same effect that roughness
had [32] on the formation region.

The major similarities and/or differenras that were observed when the
four sets of vibrating formation length results (Figures 27a-30a) were
compared with the stationary results (Figure 26a) a 2 discussed belaw.

(1) Below the synchronization region (region centered around Re =
2.9 x 103), the formation lengths assoclated with the vibrating cable were
significantly less than the stationary cable values. This amplitude-
dependent rediction was expected, based on the analysis of the results of
Figure 17. The strength of the vortices was increased (lower Strouhal
nunber), which suggested that the vortex formation 1length decreased
correspondingly. At the two lowest vibration amplitudes, a/d = 9.9 percent
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and 13.0 percent, the Reynolds number dependent decrease of Lg was
preserved, although the vibrating cable values were significantly smaller
than the stationary ones. At the two highest vibration amplitudes, a/d =
17.6 percent and a/d = 25.5 percent, the Reynolds number decrease was
obscured by the larger vibration-indiced changes, which made L¢ relatively
constant before the lock-on region. This was also expected, since the
vibration-inaiced Strouhal number was also constant with Reynolds number
(Figure 17, a/d = 24.0 percent) at the higher vibration amplitude.

(2) The Reynolds number around which rhe minimum formation length
was found (Re = 1.0 x 104) did not change as a result of the vibration., The
numerical value, L¢/d = 1,70, was also not significantly influenced by the
addition of vibration. The five curves all overlayed upon each other, with
minimal data scatter, for Reynolds numbers greater than 1.0 x 104. The
vibration had a minimal influence on the formation lengths in this Reynolds
nunber region far removed from the lock—-on range.

(3) In the Reynolds number range directly above the lock-on region
and extending to the minimum L; point, the four vibrating cable curves
merged into the stationary curve at Reynolds numbers ranging between 4.0 x
103 (a/d = 9.9 percent) and 6.0 x 103 (a/d = 25.5 percent). These Reynolds
number values marked the points at which the vibration no longer had any
significant influence on the vortex formation process above the lock-on

region.

When the four vibrating cable formation length Figures (27a~30a) were
compared a significant synchronization related phenomenon could be
observed. 4 sudden increase 1In Lg/d ocaurred during perfect
csv/fcv = l.i). This

perfect synchronization point occurred at a reduiced velocity, U.” = 5.50

(Figure 15), and Reynolds number 2.93 x 103. On the plots, this Reynolds
nunber marked the center of the sudden increase in Lf/d. Shortly after the

synchronization, i.e. in the region centered around f

value of Lf/d reached a maximum, the four vibrating curves merged into each
other, as well as merging into the stationary curve. The maximum value

reached by Lf/d was inversely proportional to the amplitude a/d, a result
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consistent with previous observations where Lg/d decreased with increasing
a/d [15,16,21,221,

Griffin [19] presented a plo* of base pressure Cpb and wake width L,/d
variations, as a function of fcv/fcse’ f:1 the synchronization region. These
two properties behaved similarly to <he present Lf/d data in the perfect
synchronization region; 1i.e., the values were strongly affected during
synchronization and returned to stationary values shortly thereafter, Other
authors have note+i 2 s.uiden increase in spanwise correlation of the phase of
the shedding [21j, filuctuating lift and steady drag forces [50], wake width
[44], and phi3e ansie between the cylinder displacement and maximum rms
pressure on that side [50]. In the background section (II,C) the two modes
of synchronized vortex shedding observed by Zravkovich [50] were
described. The vortices in the upper synchronization range (fcsv/fcv > 1.0)
were shed when the cylinder was near its maximum amplitude on that same side
of the wake, whereas in the lower synchronization region, the vortices
formed on one side of the cylinder and werc shed when the cylinder was close
to 1its maximum amplitule position on the opposite side. The longer
formation length in the upper synchronization region was a direct result of
the increased stability of the shedding in this region

The wake widths in the near wake of the stationary cable (Figure 26b)
varied between L, /d = 0.92 and 1.04, with the mean value L,/d = 0.98. There
was no observable variation 1in this mean value with Reynolds number.
Comparing the present helical cable results with Peltzer’'s emooth ciraular
cylinder results (Figure 2) revealed no significant difference in the mean
value of L,/d. Peltzer's values were centered around the mean value L,/d =
0.97 and also were Reynolds number independent. The helical structure had
no measurable influence on the wake widths. When tne vibrating cable wake
width plots (Figures 27b to 30b) were compared to the stationary plot, a
general increase in L,/d due to the vibration could be observed. However,
due to the considerable amount of scatter in the vibrating cable wake width

data, no other gignificant conclusions regarding vibration related phenomena
could be drawn.
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D, Sheared Flow Results

Figures 31 thru 50 present twenty pairs of results dealing with the
spanwise vortex street wake behind the stationary and vibrating cable in a
linear shear flaw (8 = 0.0053), with and withaut attached bluff bodies. The
first figure in each pair contains the power gspectra of the fluctuating hot
wire signal at varicus equidistant spanwise locations (y/d values) 1in the
cable wake. The vortex shedding and/or vibration frequencies appear as high
energy peaks in the spectra. The second figure in the pair shows the power
spectra data plotted as a Strouhal number based on the centerline velocity
(Sr’c * l"cs
are presented to elucidate the spamwise cellular structure in shedding

v d/Uc) versus the spanwise position y/d. These St. vs. y/d plots

frequency, if and where it existed. A single closed circle on these plots
represents a aarros band shedding frequency peak on the power spectra. A
circle connected to a bar represents a high energy narrow band shedding peak
with a lower energy wide band to either side of the peak, and a bar
represents a wide broadbanded peak with no dominant high energy shedding
peak present, '

Figures 31 to 38 are first phase results and Figures 39 to 50 contain
the second phase results. The main difference betweer the two sets of
results was the locatlon of the hot wire probe in the wake. During the
first phase tests, the probe was located farther downstream of, and
vertically higher than, the optimal position that was found (during the
second phase tests) to provide the strongest and clearest measure of the
shedding frequency in the power spectra, Because of this, any fluctuating
cell boundaries were allowed a longer time to inte‘act, and the resulting
cellular structure (if it existed) was poorly defined. Myrmally, the marker
between two cells of different frequencies would be a large discontinuous
jump in frequency. The apparent gradual decrease in frequency between cells
was a direct result of the fluctuating cell boundaries. Mair and Stansby
[26) pointed out 1in their results that discontinuous jumps of frequency
between cells disappeared in the time-averaged results because of the
fluctuating cell boundaries. The second phagce results were not as

significantly affected by the presence of these fluctuating cell
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boundaries. A discrete cell of constant shedding frequency in these plots

was indicated by a spanwise y/d range over which the Strouhal number remains

‘ constant.

Rl i cna an St

The power spectra shawing the spamwise variation of the vortex shedding

frequency in the near wake of the statlonary cable, at a Reynolds numnber 2.6

AL i

p X 103, are shown in Figure 3l. The corresponding spamwise Strouhal number
plot follows in Figure 32. There was a definite tendency for the vortex

shedding to form into cells along the entire cable span, even though the
discontinuous jump in Strouhal number that should mark the division between
the cells was obscured by the fluctuating cell boundaries. Including the
two end cells, a total of approximately ten cells were present along the
cable span (from y/d = -42,7 to y/d, = 40.0), with each cell separated by a
change in Strouhal number 5tc » 0,007. The high velocity cell was centered

around St, = 0.190 and the low velocity cell centered around St, = 0.1265,
such that the total change across the span was &tc = 0,0635. The average
length of each cell was approximately 9.0 diameters.

The power spectra aloug the span of the vibrating caole, at Rec = 2,6 x
103, are shown in Figure 33. At this Reynolds number, it was expected that
the vortex shedding would lock=-on to the cable vibration over the central
portion of the cable span. The maximum first mode vibration amplitude (at
the node) was a/d = 0,233, A clearly defined spamwise cellular structure in
the shedding frequency was seen in the spectra, even with the compressed
frequency scale. The spamwise power spectra dramatically illustrated the

S v—vvm‘-ﬂ—v—r—v—-r—r—r—v T r-'-vvj— T
C ‘z . - -

three distinct flow regimes, associated with cable locking-on, that Ramberg

and Griffin [36] defined. The power spectra in the ranges adjacent to the
ends of the cable (nodes), =42.7 £ y/d £ =34.7 and 37.3 { y/d £ 40.0, were
representative of the flow past a stationary body. In these nodal regions,

as well as in flow about a stationary cable, only the vortex shedding

ve wow v o— W g W

frequency was present in the power spectra. The power spectra in the areas
between the nodal and locked-on regions, -32.0 < y/d < 5.3 and 29.3 < y/d
:: < 34,7, illustrated the behavior of the magnitude (strength) of the vortex
shedding and cable vibration frequency peaks 1in the transition region
between unlocked and synchronized vortex shedding, The gravth (or decline)
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S of the vibration peak as the shedding frequency approached (broke away) from
the synchronization range was clearly demonstrated. In the synchronized
:‘ region, centered near the cable antinode =5.0 L y/d £ 29.0, the spamwise
‘ power spectra contained a sharp, high energy peak at the synchronization

frequency., The spamwise shedding was highly correlated in this region.

: When the spanwise Strouhal number plot of the power spectra in the wake
E of the vibrating cable at Re, = 2.6 x 103 (Figure 34), was comared with the
stationary cable Strouhal plot (Figure 32), the stabilizing effect that the
synchronized vibration had on the cellular structure 1in general was
}“ noticed. Stansby ([44] and Woo et al [48] also noted this stabilization.
The lodked-on region was 34 diameters long, and the average cell length of
the unforced cells was 13.5 diameters, significantly greater than the

average length of 9.0 diameters found along the non—-vibrating cable span.

The high velocity cell was centered around the Strouhal number St, = 0.188
and the low velocity cell centered around St, = 0.129, The total change in
Strouhal number across the span was &sSc, = 0.059, 7.1 percent less than the

total change across the stationary cable (Figure 32).

The Re, nolds number was increased to 3.72 x 103, and the corresponding
power spectra associated with the stationary cable span were shown in Figure
35, It was expected that the cell lemgths at this higher Reynolds number
would be slightly shorter than those found at the lower Reynolds number (2.6
X 103), because of the shorter formation length. Although some tendency

towards a cellular structure was seen in the spanwise Strouhal number plot

(Figure 36), no conclusive observations regarding average cell lengths,
number of cells, or average change in Strouhal number between cells, could
be drawn. The less than optimal probe position and fluctuating cell
boundaries combined to obscure the true near wake shedding pattern. There
could be at least 12 cells present along the span, with the average
separation between the cells sc, ~0.006, The high wvelocity cell was
centered around St., = 0.213 while the low velocity cell occurred at the

St, = 0.146, so that the total change in Strouhal number across the span

.
b
|
]
M P i Shniad adll aadina : 3 PP TP W S W LA S P T YO c e e e e




- Trwr v

-y

SR

e el e e Tl - - - -

was oSt = 0,067, slightly larger than the range &t, = 0.0635 at Re, = 2.6
x 103, The average cell length was approximately 7.5 diameters, slightly

smaller than the 9.0 diameer average length at Re, = 2.6 x 103,

The cable was then forced to oscillate in the first phase second mode
shape at Re, = 3.72 x 103. The vortex shedding was expected to lock=-on to
the vibration around the low velocity antinode. The maximum vibration
amplitude at the antinode was a/dc = 11,7 percent, The power spectra
(Figure 37) again 1illustrated the three distinct regions associated with
synchronization, i.e. wunforced shedding around a node at y/d = 0,
synchronized shedding around an antinode y/d = =26.0, and shedding in the
reglon between the node and antinode, The spamwise shedding structure
(Figure 38) was influenced in a more complicated manner by the second mode
vibration, than by the first mode vibration. There were six unfotrced cells
of average length 8.4 diameters adjacent to the 21.0 diameter locked=-on
cell, The unforced cells were separated by a jump in Strouhal aumber
&tc » 0,007, and the total change in Strouhal number across the span was
a5t. = 0.065, 3 percent less than the non-vibrating range. The synchronized
vibration had again stabilized the spamise cellular shedding structure in
the cable wake, as it had in Figure 34. The four sets of first phase
results have now been analyzed, Wth these observations in mind, a more

comprehensive analysis of the second phase results will be undertaken.

The six pairs of sacond phase vortex shedding results will be analyzed
in the following order:

1) Figures 39 and 40; stationary cable at a Reynolds number 2.96 x
103.

2). Figures 41 and 42; vibrating cable amx/d = 0,291, Reynolds number
2.96 x 103,

3). FWgures 43 and 44; stationary cable, five spheres spaced y/d = 20.0
apart, Reynolds number 2.96 x 103,

4). Figures 45 and 46; vibrating cable a  ./d
spaced y/d = 20,0 apart, Reynolds number 2.96 x 103,

= 0,233, five spheres

5). TFigures 47 and 48; stationary cable, three spheres spaced y/d =
28.0 apart, Reynolds number 2.96 x 103,
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6). TFigures 49 and 50; vibrating cable, a d = 0,235, three spheres

max/
spaced y/d = 28.0 apart, Reynolds number 2.93 x 103,

The power spectra, taken at spamwise increments of y/d = 2.0 in the
near wake of the stationary cable at Re, = 2.96 x 103, are displayed in
Figure 39, A definite spamwise cellular structure was evident, where the
frequency peaks within each of these cells was generally sharp and narrow-=
banded. At the boundaries between some cells, the spectra were broad-banded
with no dominant shedding frequency or they exhibited the two distinct
frequencies associated with each individual cell. The fluctuating cell
boundaries, when averaged 20 times during the two minute data record,
allowed the contrilution from both cells to be included in the spectral
average. Depending on how rapidly the cell boundaries were fluctuating, the
pover spectrum would either be broad-banded or shav the two distinct
frequency peaks. Algso, the frequency peaks in the spectra at the low
velocity end of the cable were slightly broadbanded because of the higher
turbulence level. This phenomenon was observed by Peltzer [32] in previous

wind tunnel tests.

Not including end cells, there were 10 cells of constant Strouhal
nunber along the cable span (Figure 40). The average length of these cells
was 11,0 diameters, and they were each separated by an average discontinuous
jump in Strouhal number #St. = 0.0086., The change in Strouhal number across
the span (-48.0 < y/d £ 48.0) was ASt, = 0.0865, Comparison of the change
in Strouhal number from =427 < y/d £ 40.0, &St = 0.067, with the change at
Re, = 2.6 x 103, &t, = 0.0635, revealed that only a small 5.5 percent
differeace was observed. A comparison of the clarity of the cellular
structure in Figure 40 with that of Figure 32 illustrated the importance of
proper positioning of the hot wire probe in the cable wake. When the hot
wire was not positioned optimally, the discontinuous jumps in Strouhal
nunber between the cells and the actual cellular structure were not as

evident as when the probe was positioned optimally.

The vibrating cable spectra, with amx/d = 0,291 and Re, = 2.96 x 103.
are shown in Figure 41, The three distinct types of spectra associated with

59

R - R T e st il At de sl il . ool il auith AndRi Antbs ottt Anhaticii AL R AR |




——y ir, ﬁrvv;—vvv‘vyj e i~vvv" i

3wy

- T v

e - e e+ wh et mmmm e e e — s e — A T YV
ey e e e - .

the locking-on process were present in the figure. The shedding was locked-
on to the vibration over the ceatral portion of the cable span (Figure 42),
from =140 < y/d £ 29.5. The locked-on cell was 43.5 diameters long. In
Flgure 34 (first phase test, amax/d = (0,233, Re, = 2.6 x 103), the locked-on
cell was 34 diameters long. The larger locked-on reglon in the present
figure was expected because the maximum vibration amplitude was larger. The
average length of the two cells, not adjacent to the end plate or motor, was
14,0 diameters, whereas the average length in Figure 34 was a comparable
13,5 diameters. The shedding was so well stabilized by the vibration that
no fluctuating boundary effects were present in the figures. All the cell
boundaries were marked by discontinuous jumps in Strouhal number. The
change in Strouhal number across the cable span, -48.0 < y/d < 40.0,
was ASt, = 0.775 (from 0,2060 to 0.1285).,

The spamwise power spectra, showing the vortex shc. ling frequency
variation along the stationary cable with five spheres at spanwise locations
y/d = =40,0, =20,0, 0.0, 20.0, 40.0, are shown 1in Figure 43. The flow
Reynolds number was 2.96 x 103. The shedding frequency of the spheres
increased proportionally to the velocity across the span Between the
sphere shedding peaks, the cable vortex shedding frequency peaks were
generally more broad-banded than the narrow-banded high energy peaks
characteristic of the bare stationary cable (Figure 39). The highly three-
dimensional turbulent wake behind the spheres broadened the shedding peaks
with the increased turbulent energy it imparted to the cable wake. The
three-dimensional sphere wakes totally disrupted the cellular shedding
pattern normally present in the bare cable wake. Figure 44 shows that the
presence of the spheres generally forced the cable shedding frequencies to
form 1into discrete cells 1in each of the spanwise areas between the
spheres, The only slight deviation away from this forced single cellular
structure was in the cell centered around y/d = -10.0. The spectra at y/d =
-12.0, -14,0 and -16.C were very broad-banded, with the center of the band
at a slightly lower frequency than the rest of the cell. Including the two
end cells, six vortex shedding frequency cells witn an average length of
14.0 diameters, separated by five sphere shedding cells (Stc = fssd/Uc ) with

60




an average length of 6.0 diameters, were located along the eatire cable span
(48,0 < y/d £ 48.0). The average discontinuous change in Strouha! number
between each of the cable shedding frequency cells was st = 0.0136, a much

larger change than &t, = 0.0086 between the bare stationary cable cells.

The cable with the five spherical bluff body shapes attached was then
vibrated 1in the f{irst mode (amax/d = (0.233), The spanwise power spectra,
corresponding to flow at Re, = 2.96 x 103, are shawn in Figure 45, The
cable vortex shedding frequency power spectra in the regions separated by
the spheres were agaln slightly broad-banded. All three types of spectra,
characterizing the lock-on process associated with a flexible cable, were
represented in the figure. In the locked~on region araund y/d = 0.0, the
single high energy narrow-band peak characteristic of syuchronous motion was
present. When the frequency data were plotted in Figure 46, it was
immediately apparent that the three central spheres (y/d = =-20.0, 0.0, 20.0)
locked-on to a submultiple of the cable vibration, fssv/fcv = 1/2. The
presence of the spheres on the vibrating cable (amax/d = 0.,233) had a
significant effect on the length of the lock-on region. The locked~on
region extended from -24.0 < y/d < 29 (53 diameters) compared to -14.0 < y/d
X 29.5 (43.5 diameters) on the bare vibrating cable withag, /d = 0.291, and
-5.0 € y/d_< 29 (34 diameters) on the bare vibrating cable with a .. /d
0.233, The extension of the length of this lodked-on region by as much as
56 percent, was very significant because it meant that the damaging
undesirable effects that accompany synchronization (i.e. large amplitude
oscillations, increased drag and fluctuating lift forces, highly correlated
shedding, etc.) would extend over a longer portion of the cable span. The
cable vortex shedding frequency was constant between the spheres at y/d =
40,0 and 20.0. Between the spheres at y/d = -20,0 and -40.0, the shedding
frequency broke into two short cells separated by a slight decrease 1in
Strouhal number, The change in Strouhal number across the span (-48.0 < y/d
< 36.0) of the vibrating cable with five spheres was ASt, = 0.0685 (0.1970
to 0.1285), compared to #St. = 0.069 (0.1950 to 0.1260) across the
stationary cable with five spheres, A&‘»t:c = 0,074 (0.2015 to 0.1275) across
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the bare vibrating cable and AStc = (0,0775 (0.2060 to 0.1285) across the
statlornary cable.

The number of the spheras present on the cable was then reduced to
three, and the spacing between them increased to 28.0 diameters. The
resulting spamwilse power spectra, corresponding to flov past the stationary
cable at Re, = 2.96 x 103, are shown in Figure 47. Those cable shedding
frequency peaks not directly 1in the regions adjacent to the ~pheres were
narrow-banded like those assoclated with the bare stationary cable frequency
peaks. The frequency peaks in the regions adjacent to the spheres were
again broad-banded, jst as they were in Figure 43. The three—dimensional
turtulent wakes of the spheres were no longer able to exert influence over
the ent’ re spanwise distance between the spheres. The cable vortex shedding
frequencies were not forced into discrete cells between the spheres that
were spaced 28,0 diameters apart, as they had been when the spacing was 20.0
diameters., At the shear level g = 0,0053, 20.0 diameters was the maximum
gpacing that forced the cable shedding frequencies between the spheres into
discrete cells. Generally, the maximum spacing that would force the vortex
shedding frequency Dbetween these discrete bluff body shapes 1into
identifiable cells of constant frequency should depend on the shear level B8
the geometry of the discrete bluff body shape and the body it is mounted on,
the flow Reynolds number, the vortex formation length (stability of the

cells), and the stability of the flow 1itself (turbulence, upstream
disturbances, etc. ).

The spamwise Strouhal number variation across the stationary cable,
with the three at ached spheres, is illustrated in Figure 48. The influence
that the presence of the ipheres had on the length and position of the
spanwise cells of cable shedding frequency was seen when these results were
compared to the stationary bare cable results (Figure 40). There were seven
or elght cells of constant cable sheddirg frequency, which ranged in length
from 2.0 to 18.0 diameters, plus the three cells which represented the
sphere shedding frequency, across the cable span (~48.0 < y/d £ 48.0). The
broad-banded ranges between a few of the cells could be attrituted to a

combination of fluctuating cell boundaries and three-dimensional sphere wake
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influences. The change in Strouhal aumber across the span was AStc = 00,0795
(0.2120 to 0.1325), compared to #&t, = 0.069 (0.1950 te 0.126) across the
span of the cable with five spheres, and 45t = 0.0865 (0.2150 to 0.1285)
across the stationary bare cable. The average discontinuous change in
Strouhal numher between the vortex shedding cells on the cable with three
spheres was St = 0.0102, as compared to &t = 0.0136 between the cells on
the cable with five spheres and #St, = 0.0085 between the cells on the bare
cable, Generally, when the spheres were spaced at the maximum value which
forced the vortices to be shed 1in discrete cells of coustant frequency
between them, the longest cells were present along the cable span with the
largest discontinuous change in Strouhal number between them, aand the total
change in Strouhal number across the span was a minimum. As the spacing
between the spheres was increased, the number of the cells iacreased while
the average length of, and discontinuous spacing between, then decreased,
and the total change in Strouhal number increased. The distribution of
vortex shedding would eventually become equal to the stationary bare cable
distribution.

For the sixth and final test in this series, the cable with the three

spheres was vibrated (a /d = 0.,235) in the first mode at a Reynolds number

max
of 2,93 x 103. The spamwise power sgpectra are shawn in Figure 49. The
vortex shedding from the cable was locked-on to the vibration over the
entire spamwise region bounded by the spheres, -31.0 { y/d < 30.0, The
spheres, located at y/d = 0.0 and * 28.0, were locked=on to a submultiple of
the cable vibration frequency, fssv/fcv = 1/2, Only the spamwise regions
outside the two end spheres exhibited unforced cable vortex shedding. The
length of the locked-on region, shawn in Figure 50, was 61.0 diameters.
This length 1s 15 percent greater than the 53.0 diameter locked=-on region in
the five sphere test (Figure 46), 40 percent larger than the loxedon range
max/d = 0,291, and 79
percent larger than the 34,C diameter range found on the bare cable which
max/d = 0.233, The spanwise

distance between the spheres had a very significant effect on the length of

which corresponded to the bare vibrating cable with a

was vibrated at a comparable amplitude a

the locked-on region., The total change in Strouha’ number across the span
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(-48.0 < y/d £ 40.0) was ASt, = 0.0705, compared to st = 0.0685 across the
vibrating cable with five spheres, and ASt, = 0.074 along the bare vibrating
cable and &St, = 0.0775 on the bare stationary cable. Similarly to the non-
vibrating results, as the spacing between the spheres was increased, the

total change in Strouhal number across the span increased.

VI. SUMMARY
A. Findings and Conclusions

There were many significant results discussed in the previous
section. Some corrcoorated previously established conclusions pertaining to
stationary and vibrating circular cross section cylinders and flexible
cables in uniform or sheared flow, while others had been documented for the
first time. This entire study was unique in that no previous authors had
studied the near wake of a stationary or vibrating cable, with attached
discrete bluff bodies, in any flow situation. In addition, no studies of
near wake properties of helically wound cables had been undertaken. A
sunmry of the major results dealing with the individual and combined
effects of vibration, shear, and bluff body shapes on the vortex shedding in
the near wake of a marine cable 1s as follaws:

1) The mean Strouhal number of the non-vibrating cable was constant
throughout the Reynolds number range 2.0 x 103 < Re 4.2 x 10 at the value
St = 0.192.

2) Locked-on vortex shedding in the near wake of the forced
vibrating marine cable behaved similarly to that exhibited in the near wake
of a ciralar cross section cable undergoing natural synchronization. The
frequency range over which the vortex shedding locked-on to the cable
vibration increased proportionally with the amplitude of wvibration The

upper locked-on region (fcsv/fcv > 1.0) was significantly larger than the

lower region.

3) Perfect synchronization ocaurred when the critical reduced
velocity was U: = 5.50, At the lower boundary of the lock=on region, the
vortex shedding locked-on to the cable vibration at a constant rediced
velocity which was independent of vibration amplitude a/d. The reduced
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velocity values that defined the upper boundary of the locked-on region
increased linearly with the vibration amplitude a/d.

4) At the lower boundary of the locked~on region, the Strouhal
nunbers and formation lengths varied ianversely with the vibration amplitude
a/d, while the vortex strengths varied in direct proportion to a/d. At the
upper boundary the vortex strengths, Strouhal numbers, and formation lengths
in the wake of the vibrating cable were virtually amplitude independent and
nearly equalaed those values measured in the wake of the non-vibrating marine
cable.

5) The three distinct flow regimes (flaw near a cable node,
antinode and in the region between the two) that were present when the
vortex shedding and cable vibration frequencies interacted during lock-on,
were clearly defined by the spanwise power spectra variations.

6) The mean Strouhal number of the sphere-cable combination in the
sphere Reynolds number range 6.5 x 103 S_Re* £ 2.4 x 104 was St = 0.296.

7) The width of the lodi-on region for the sphere«cable combination
was significantly larger than the lock-on region for a bare cable. The
upper and lower boundaries of the sphere-cable lock-on region increased
linearly with the vibration amplitude a/d.

8) The helical cross section of the cable lengthened the vortex
formation region and changed the Reynolds number dependent properties of Lg
when compared to circular cross section cable values and properties,

10) A sudden increase 1in the vortex formation length occurred
cov/fey = 1.0, U = 5.50). Shortly after

the end of synchronization the Lg values returned to stationary values.

during perfect synchronization (f

Other authors had found that the base pressure, wake width, spamwise vortex
shedding phase correlation, and fluctuating 1lift and steady drag were also
strongly 1influenced during perfect synchronization and returned to
stationary values gshortly thereafter.

11) A small amount of linear shear in the upstream velocity profile
in{tiated a strong cellular vortex shedding structure in the wake of the

bare cable at the Reynolds numbers considered.
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12) The 1length of the 1locked-on region 1n sheared flow was
vibration amplitude dependent.

13) The spamwise vortex shedding cellular structure was
significantly stabilized by the vibration, and the unlocked cells on the
vibrating cable were longer than the unforced stationary cable cells.

14) When the spherical bluff body shapes were added to the cable,
their three-dimensional wakes significantly altered the spamwise shedding
pattern normally present in the bare cable wake. A maximum separation
distance (y/d = 20.0) was observed that would force the vortex shedding into
discrete cells of constant frequency between the spheres.

15 The presence of the spheres along the vibrating cable sran
measurably increased the length of the locked—on region. The amouct of
increase was dependent upon the spaclng between the spheres. This finding
was significant because it meant that the undesirable effects that accompany
synchronization were extended over a longer portion of the cable span.

B. Recommendations for Further Study

1) Measuring the width of the lock-on region as a function of
vibration amplitudes greater than a/d = 0.322 in the wake of the cable and
sphere~cable combination would significantly extend the present study.

2) The dependence of the length and stability of spanwise cells of
coanstant shedding frequency in a sheared flaw on the length of the vortex
formation region needs to be thoroughly studied. It is hoped tnat this type
of study would help explain why there are or are not discrete spamwise cells
at varfous Reynolds numbers, and also resolve some of the disagreements in
the literature,

3) The discrete bluff body shapes (sphecres) used in the present
tests were considered massless. Adding variable masses to the bluff bodies
and investigating the effects of the added mass on the sparwise lock-on
regions and cellular structure would bezin to realistically simulate full-
scale physical situations. The present results could be combined with those
of Vandiver and Griffin [4f] to provide a basis for modifying the NCEL-
developed computer code NATFREQ which was developed to calculate the natural
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frequencies and mode shapes of taut marine cables with large numbers of
attached masses.

4) Analysis of the general dependence of the length and stability
of forced and unforced spanwise vortex shedding cells on the attached bluff
body and cable geometries, flow Reynolds number, vortex strength and
formation length, and the stability of the incident flow would provide the
designer with a clearer understanding of the dynamic and physical properties
associated with flow around cables with bluff body shapes attached.
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Fig. 7 — Cabie tension measurement
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Fig. 8 — Forced cable vibration
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Fig. 9 — Cable mode shape, vibration amplitude
and frequency measurement
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Fig. 47 — Power spectra showing the spanwise variation of the vortex shedding
frequency, Re, = 2.96 X 103, three spheres, no vibration, 8 = 0.0053
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Appendix B
Previously Established Methods

The experimental techniques that were employed in the present study to
measure vortex shedding frequencles, vortex formation lengths, wake widths,
wind tunuel wvelocity and turbulence values, vibration amplitudes and
vibration frequencies had been developed and proven accurate in previous
wind tunnel studies perfromed at VPISSU by the present author (31,32, 38].
Some commeris regarding the accuracy of these techniques are provided in
this appendix to increase the readers confidence in the results that were

presented in this report.

The sparwise velocity and turbulence profiles that were measured during
the present tests showed no significant statistical variations frou those
measured previously [32]. Two hundred individual velocity or turtulence
values were averaged to obtain each data’point 1in the profiles, Both the
uniform (8= 0.0) and linear shear (B8 = 0.0053) flows in the present study
had turbulence intensities less than one percent across the spanwise working
distance. The flars were not considered to have been influenced by
turbulence. Power spectra of the fluctuating hot wire anemometer signal
revealed that there were no extranecus frequency components (wind tunnel
blade frequencies, sixty cycle noise, wire screen vortex shedding
f requencies, etc, ) present in the flaw or measurement system., Variations in
the kinematic viscosity, 3 due to ambient temperature and pressure changes
were taken into account when calculating the flw Reynolds number. Blockage
effects created by the presence of the three-dimensional traverse, cable
endplate supports and the measuring instruments in the freestream were

insignificant.

The Zonic FFT with a DMS 5003 computer was used to calemulate power
spectra of the fluctuating hot wire (cable vortex shedding frequency
measurenent) signals. The signals were band-pass filtered before they were
input into the FFT to eliminate aliasing, The Strouhal numbers, calculated
using the measured values of the cable vortex shedding frequencies, were all
virtually equivalent throughout the subcritical flow range covered by the
tests, These values were consistent with those measnred previously for
circular cylinders. Power spectra of the fluctuating hot wire signal in the

freestream flow above the cable revealed that no extraneous frequencies were
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present., The measured values of the forced cable vibration frequencies were
generally consistent with the calculated values of the ideal (no bending
stiffaess) natural vibraction frequencies of the cable under the same
conditlons. When both the vortex shedding and forced cable vibration
frequencies were simultaneously present in the fluctuating hot wire signal,
no false addition and/or subtraction frequency components appeared 1in the

power spectra of the signal.

There was great care taken to accurately measure the values of the
vortex shedding frequencies in order to set the band-pass filter to the
correct values prior to measuring the position of the vortex formation
lengths in the Reynolds number range covered by these tests, The values of
Lf , measured behind the circular cylinder were in general argreemeat with
previous authors results, Low pass filtering was used to eliminate
contamination of the wake width traces by higher frequency multiples of the
vortex shedding frequency. The values of L, measured behind both the high
aspect ratio cable and cylinder were virtually equivalent and nearly equal
to previous authors results, When the streamwise and vertical hot wire
traverses were performed to measure L¢ and L, respectively, the traverse was
operated at a low speed in order to allow three second averaging to be used

in the rms meter to smooth out the signal trace on the strip chart recorder.

All the time based signals were mouitored on an oscilloscope. This
assured that no large extraneous noise signals were present or generated
within the equipment, and also assured that all the equipment was

functioning properly.
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